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LIST OF FIGURES 
Figure 1-1 - Heterostructures of TMDs. (a) The electronic bandgap and the 
relative alignment of band edges for several group-VI TMDs. 
Energies are calculated with respect to the vacuum level. (b, c) 
The schematic illustrations of lateral and vertical HSs, 
respectively. Panel (a) is adopted from. [10] 
2 
Figure 1-2 - Alloying of 2D TMDs. (a) The schematic illustration of a 
representative direct-alloying approach in which the 
simultaneous reaction of WCl6, MoO3, and S precursors yields 
metal-mixed WxMo1-xS2 alloys. (b) Elemental analysis using 
EDS spectroscopy confirms the uniform distribution of all 
elements (i.e., a random alloy). (c) An atomic-resolution STEM 
image (left) and the elemental mapping (right) of a chalcogen-
mixed MoS2xSe2(1-x) alloy synthesized via the direct reaction of 
MoO3, S, and Se precursors. Similarly, a randomly mixed alloy 
is obtained. Panels (a, b) and (c) are adopted from [25] and [20]. 
5 
Figure 1-3 - Synthesis of Lateral HSs via the edge epitaxy method. (a) The 
schematic illustration of the edge epitaxy for the synthesis of a 
MX2-MX’2 lateral HS. (b) The STEM image of MoSe2-WSe2 
HSs synthesized through a single-step edge epitaxy. These HSs 
are synthesized via a single VPT step using the evaporation of 
MoSe2 and WSe2 powders, typically at 950 oC. (c)  STEM images 
obtained at the MoSe2-WSe2 junction, which shows formation 
of an alloyed interface. (d) A representative STEM image that 
illustrates formation of an atomically sharp interface obtained 
via a two-step epitaxy of MoS2 on the edge of a WSe2 monolayer. 
(e) The optical image of a multi-junction MoSe2-WSe2 Lateral 
HS synthesized via a sequential edge epitaxy technique. (f, g) PL 
maps obtained at 1.6 eV (WSe2) and 1.52 eV (MoSe2) emission 
energies, respectively, which clearly confirms formation of a 
multi-junction structure. All scale bars represent 10 µm. Panels 
(b, c), (d), and (e-g) are adopted from [33], [15], and [32], 
respectively.  
8 
Figure 2-1 - Synthesis of 2D ternary alloys via the atomic substitution on 
chalcogen sites. (a) Schematic representation of the alloying 
process. Using a controlled sulfurization process, the Se atoms 
of a starting MoSe2 crystal (top) are partially replaced by S 
atoms, yielding MoS2xSe2(1-x) alloys (middle). The complete 
replacement of chalcogens converts the MoSe2 crystal into 
MoS2 (bottom). (b, c) Representative PL and Raman spectra, 
respectively, acquired from CVD-grown MoSe2 monolayers 
17 
 x 
sulfurized at various temperatures for 20 mins. Composition 
ratios (i.e., x) are marked on PL spectra in panel (b). (d, e) The 
optical-microscope images and (f, g) PL maps of a 
representative monolayer film before and after sulfurization 
(850 oC, 20 mins), respectively. Color bars in (f) and (g) 
represent PL peak positions. (h) The SEM image of the MoSe2 
film before sulfurization. (i) The SEM image taken from the 
bottom-right corner of the triangle after the sulfurization step, 
revealing that the alloying process yields a cracked film. The 
inset shows the whole triangle after the sulfurization step. Scale 
bars in (d)-(h) and (i) represent 10 µm and 5 µm, respectively. 
Figure 2-2 - Effect of sulfurization time on the composition of the MoS2xSe2(1-
x). (a) The PL spectra of MoSe2 films annealed at 850 oC for 
various sulfurization times as designated on the figure. The 
spectral shift of the PL becomes asymptotic after ~10 mins of 
sulfurization, suggesting the saturation of chalcogen substitution. 
(b) The Raman spectra of samples shown in panel (a). The Raman 
resonance of silicon at 521 cm-1 is used as the calibration 
reference.  
19 
Figure 2-3 - Saturation of chalcogen substitution. A temperature-dependent 
saturation of the alloy composition (i.e., x in MoS2xSe2(1-x)) is 
observed. The saturation value becomes larger as the 
temperature increases. 
21 
Figure 2-4 - STEM analysis of atomic arrangements in MoS2xSe2(1-x). (a-c) 
High-resolution STEM images of a pristine MoSe2 monolayer, 
an alloy with x ≈ 0.35, and an alloy with x ≈ 0.65, respectively. (d-
i) Intensity profiles along the atomic lines highlighted on panels 
(a-c). A random intermixing of S and Se atoms are observed. 
Scale bars in panels (a)-(c) represent 2 nm. (Mo: molybdenum, 
S: sulfur, Se: selenium, VSe: single-Se vacancy, and V2Se: 
double-Se vacancy) 
22 
Figure 2-5 - XPS analysis of converted MoS2 monolayers. A representative 
XPS spectrum of a fully converted MoS2 sample (i.e., x = 1). 
Squares represent experimental data and the solid lines 
represent fitted curves. Mo-3d and S-3p features are separately 
displayed in left and right panels, respectively. 
24 
Figure 2-6 - Alloying of exfoliated MoSe2. 27 
Figure 2-7 - Low-temperature (~ 4K) PL spectroscopy of defects in MoSe2 
monolayers. (a) PL spectra obtained from a representative 
exfoliated MoSe2 sample. Excitation powers are marked on the 
spectra. Three emission lines marked on the spectra associate 
30 
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with neutral excitons (Xo), trions (T), and defect-trapped 
excitons (Xd). (b) The integrated PL intensities of Xo and T 
emissions demonstrate linear dependence on the excitation 
power, while a sub-linear trend governs the behavior of the Xd 
emission. (c) PL spectra obtained from a representative CVD-
grown MoSe2 sample. Excitation powers are marked on the 
spectra. The defect-assisted emission dominates the PL spectra 
of CVD-grown samples, and Xo and T emissions only appear as 
weak peaks on the shoulder of the Xd emission.  The shaded 
region highlights the approximate locations of Xo and T peaks. 
Figure 2-8 - STEM analysis of Se vacancies. (a, b) High-resolution STEM 
images of representative CVD-grown and exfoliated MoSe2 
monolayers, respectively. Red and yellow circles mark Mo and Se2 
atomic sites, respectively. (c) Intensity profiles across the atomic 
lines highlighted in (a) and (b). Identical color codes are used in 
panels (a-c).  Using the intensity profile (left profile), the Mo sub-
lattice can be distinguished from the Se2 sub-lattice (Mo-Se2 
distance: ~ 1.94 Å). Accordingly, deviation from the reference 
intensities is used to identify vacancies on CVD-grown (middle 
profile) and exfoliated (right profile) MoSe2 samples. Scale bars 
represent 2 nm. 
32 
Figure 2-9 - DFT calculation of the vacancy-mediated diffusion. (a) The top 
view of four intermediate stages used in the NEB calculation of 
a S atom exchanging places with a Se vacancy. In the 4-formula 
unit cell of MoSe2, we replace one Se atom by S and remove a 
neighboring Se atom to create the vacancy to form Mo4Se6S. 
Purple, green, and yellow colors represent Mo, Se, and S, 
respectively. (b) The NEB energy barrier computed for the 
exchange of a S atom with a Se vacancy, as shown in the path 
illustrated in panel (a). Symbols represent computed values, and 
the line represents a quadratic fit to data points. (c) The 
temperature-dependent hopping rate computed using the 1.75 
eV barrier height shown in panel (b). 
35 
Figure 3-1 - Crack formation in sulfurized films. SEM inspection identifies 
three different types of morphologies: (a-c) entirely continuous, 
(d-f) entirely cracked, and (g-i) partially cracked flakes. All the 
SEM images are collected from one sample after full conversion 
of the MoSe2 monolayer crystals to MoS2. Arrows point to the 
corrosion lines along the boundaries of the crystal domains. The 
effect of the conversion degree (i.e., ‘x’ in MoS2xSe2(1-x)) is 
elaborated via comparing the crack propagation path in (j) a 
fully converted MoSe2 crystal (i.e., x ≈ 1) and in (k) a partially 
converted film (with x ≈ 0.5). The inset of panel (k) highlights the 
zigzag path as the most energetically favorable direction for 
42 
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crack propagation in partially converted sample. Scale bars in 
(j), (k), and the inset of pane (k) are 500 nm, 2 µm, and 300 nm, 
respectively. 
Figure 3-2 - Cracking in pattered structures. (a) The SEM image of a 
triangular film, which its lower half is protected with 50 nm 
SiO2. As shown in the inset images, cracks only form in the 
unprotected regions, where the alloying occurs. (b) Similar 
observation is made via periodic construction of the SiO2 
protection mask, which verifies the results observed in (a). (c) A 
closer look at the sample shown in (b). (d) The SEM image of a 
cracked 2D material covered with a 50 nm SiO2 layer. 
Observation of the cracks in this sample shows that 50 nm SiO2 
film is transparent under the SEM microscope. 
43 
Figure 3-3 - Prediction of the crack propagation path. Schematic 
representation shows the net propagation path upon interaction 
of two approaching cracks (i.e., cracks 1 & 2). Details of this 
modelling can be found in Ref. [5]. The strain field is assumed to 
extend to a distance rc from the tip of an individual crack. Upon 
increasing rc, the resulting pathway changes from a straight line 
to a curved one. 
45 
Figure 3-4 - Strain relaxation via formation of cracks. (a) SEM and (b) optical 
images of a fully converted MoS2 monolayer that is partially 
cracked. (c) Spatial mapping showing the PL energy at 
maximum PL intensity. The color bar depicts the energy span. 
(d) Spatial mapping of the PL intensity in which the continuous 
regions display low emission intensity. The normalized color bar 
represents the PL intensity integrated over 1.6-2.0 eV. (e) 
Representative PL spectra obtained from the cracked and 
continuous regions. Scale bars in (a)-(d) are 5 µm. 
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Figure 3-5 - Estimating the defect size using the Griffith method. The alloying-
induced strain (right axis, equation. (1)) and the minimum defect 
length (left axis, equation (2)) are plotted versus x. To estimate 
the length of defects (i.e., 2l), we used 𝜸 = 0.928 Joul/m2 (see SI 
for details) and E = 177 GPa and 270 GPa, corresponding to the 
Young’s moduli of MoSe2 and MoS2, respectively. These two 
values cover the full span of x ranging from 0 (i.e., MoSe2) to 1 
(i.e., MoS2). The highlighted region marks 2l < 10 nm, over 
which the Griffith method overestimates the strength of a 
defective 2D material. 
49 
Figure 3-6 - AFM imaging of CVD-grown/exfoliated MoSe2 monolayers. 
AFM images of (a) CVD-grown and (b) exfoliated MoSe2 films 
before the sulfurization process. The CVD-grown films contain 
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large-scale defects (i.e., pre-existing cracks) with sizes ranging 
from several nanometers to 100 nm, while the exfoliated sample 
demonstrates a seamless film with no large-scale defects. We 
note that observed textures on the exfoliated sample are wrinkles 
and folds generated during the sample preparation and should 
not be mistaken for pre-existing cracks. The inset of panel (b) 
displays the extent of the exfoliated film. 
Figure 3-7 - Effect of the substrate on the alloying-induced cracking. (a) The 
optical image of MoSe2 monolayers transferred on a monolayer 
hBN/SiO2 substrate (i.e., the region to the left of the yellow line). 
(b) The SEM image of the same region shown in panel (a). The 
solid line marks the boundary of the hBN layer underneath 
MoSe2 monolayers. (c) The magnified SEM image of the MoSe2 
film marked in panel (b). (d) The magnified SEM image taken 
from the region marked in (c), which shows that the sulfurization 
of MoSe2 transferred on hBN yields a cracked alloy film, similar 
to our observations on the SiO2 substrate. Scale bars in (a)-(d) 
represent, 50 µm, 50 µm, 10 µm, and 2µm, respectively. 
51 
Figure 3-8 - Elemental analysis of converted MoS2 crystals using ToF-SIMS. 
(a) An SEM image of converted MoS2 crystals in which cracked 
(the bottom) and continuous (three top) triangular films coexist. 
The inset illustrates a highly magnified image of the region 
marked by the square.  (b) PL spectra obtained from several 
points of the MoS2 crystals as marked on the optical image in the 
inset. The PL spectra of the continuous regions (points 3, 4, and 
5) sit on the red side of the spectrum and demonstrate low 
emission intensities. (c, d) Elemental mapping of the converted 
MoS2 using ToF-SIMS operated in positive and negative modes, 
respectively. In both modes, investigated ions are (i) 
molybdenum (Mo), (ii) sulfur (S), and (iii) selenium (Se). The 
absence of the Se ions in positive and negative scans confirms 
that the pristine MoSe2 crystals are fully converted to MoS2 in 
both cracked and continuous regions. 
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Figure 4-1 - Fabrication of MoSe2-MoS2 lateral HSs. (a) The schematic 
description of the HS synthesis protocol based on the 
sulfurization of patterned MoSe2 monolayers. (b) Optical image 
of a representative lateral HS. The thickness of the SiO2 mask is 
70 nm. (c, d) The spatial profile of the PL peak position before 
and after sulfurization at 950 oC for 15 mins, respectively. The 
emission wavelength in sulfurized and protected regions are 680 
± 5 nm and 820 ± 7 nm, respectively. In panel (c), the 
heterogeneities at the rim of the MoSe2 film is due to previously 
reported edge effects. [34] (e) Representative PL spectra of 
protected MoSe2 and converted MoS2 monolayers. (f, g) 
61 
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Mapping the intensity of the A1g Raman modes of MoSe2 at 241 
cm-1 and MoS2 at 408 cm-1, respectively. (h) The overlay of the 
maps shown in panels (f) and (g), which displays the formation 
of MoSe2-MoS2 lateral HSs. (i). Representative Raman spectra 
of protected MoSe2 and converted MoS2 monolayers. Scale bars 
in panels (b)-(d) represent 2 µm. 
Figure 4-2 - Fabrication of HSs with arbitrary geometries. (a) The optical 
image of an array of lateral HSs with circular geometries. (b) PL 
mapping across the region outlined by the dashed box in panel 
(a). (c, d) The optical image and PL map of a lateral HS in the 
shape of a smiley face, respectively, which exemplifies the 
possibility of forming HSs with arbitrary shapes. Color bars 
represent the wavelength of maximum PL intensity. Samples 
were sulfurized at 950 oC for 15 mins. Scale bars represent 2 µm 
and 10 µm in panels (b) and (d), respectively. 
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Figure 4-3 - Sulfur penetration underneath narrow SiO2 masks. (a) Optical 
image of a MoSe2 film patterned with ~800 nm-wide SiO2 lines 
and sulfurized at 950 oC for 15 mins. (b) The Raman map across 
the dashed line shown in panel (a). The Raman spectra reveals 
the signature of Mo-S bonds under the protected region 
underneath the SiO2 line (i.e., the region between the dashed 
lines). 
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Figure 4-4 - Tuning bandgap energies at the HS interface. (a) The schematic 
illustration of band alignments at the interface of an MoS2xSe2(1-
x)-MoS2ySe2(1-y) HS with x < y. Independent modulation of x and 
y enables independent control of the bandgap energy (Eg) on 
either side of the junction. As a reference, the minimum of the 
conduction band (Ec) and the maximum of the valance band (Ev) 
are shown for MoS2 and MoSe2 compositions. (b) The schematic 
representation of steps taken for the realization of an (x, y)-HS 
with x < y. (c-e) PL maps of three HSs with various (x, y) 
combinations as marked on the panels. The patterned 
sulfurization was performed at 950 oC, 850 oC, and 750 oC for 15 
mins on samples shown in panels (c), (d), and (e) respectively. 
The blanket sulfurization performed at 800 oC for 5 min on 
sample shown in panel (e). 
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Figure 4-5 - Universality of HS synthesis approach. (a) A representative 
optical image of an exfoliated MoSe2 film converted into a lateral 
HS. The dashed line outlines the monolayer region. (b) Raman 
mapping across the arrow shown in panel (a). The observation 
of MoS2 Raman lines in exposed regions and those of MoSe2 in 
protected regions confirms the formation of a lateral HS in the 
exfoliated film. The Raman line of silicon (Si) serves as the 
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reference in the Raman mapping. (c) Optical image of a WSe2 film 
patterned with and an array of 5 µm-wide SiO2 strips and sulfurized 
at ~1000 oC for 15 mins. (b) The PL map across the arrow shown in 
panel (c). The observation of WSe2 PL at ~ 755 nm in unmasked 
regions and WS2 at ~ 630 nm in the masked region confirms the 
formation of WSe2-WS2 lateral HSs. 
Figure 4-6 - Field-effect response of lateral HSs. (a) The schematic 
representation of fabrication steps. Electrical contacts to drain 
and source are made of Au/Ti: 60/20 nm. Drain-source (ds) and 
gate-source (gs) polarities are designated on the schematic. (b) 
Optical images of the HS (i) before and (ii) after the formation 
of electrical contacts. The SEM image of the junction area is 
shown in part (iii). Blue: SiO2 mask; green: exfoliated 
monolayer 2D material; brown: Au/Ti contacts. The scale bar 
in panel (b-iii) represents 5 µm. (c) The transfer curves (i.e., 
Ids-Vgs) measured at multiple drain-source voltages (Vds).  (d) 
The output characteristic (i.e., Ids-Vds) measured at multiple 
gate-source voltages (Vgs).  
68 
Figure 4-7 - Simplified band alignment of the MoS2xSe2(1-x) – MoSe2 – 
MoS2xSe2(1-x) double-junction device. Charge transport under Vds 
> 0 (shown in the left panel) and Vds < 0 (shown in the right 
panel). Considering Vgs > 0, we have assumed an electron-
dominated charge transport. 
69 
Figure 5-1 - FIB-induced introduction of structural deformation in pristine 
MoSe2 crystals. (a) PL spectra obtained from regions irradiated 
with different ion dosages. (b) A1g Raman mode of MoSe2 for 
different ion dosages, which shows a constant intensity drop as 
the ion dosage increases. (c) Normalized A1g Raman mode shows 
a significant redshift and linewidth broadening in irradiated 
regions. 
76 
Figure 5-2 - Selective chalcogen substitution in ion-irradiated regions. (a, b) 
Raman and PL spectra, respectively, of pristine and FIB 
irradiated regions before (bottom) and after (top) sulfurization 
77 
Figure 6-1 - Effect of coupling to the FP cavity on laser-induced thermal heating 
of the MoS2 films. Raman spectra are recorded at different laser 
powers ranging from 1 mW to 3 mW for (a) MoS2-on-FP 
resonator (i.e., 256 nm SiO2 on Si substrate) and (b) MoS2-on-Si 
sample. The in-plane (E12g) and out-of-plane (A1g) 
characteristic resonances of the MoS2 film are marked on the 
plots. Dashed lines are guides to eye connecting peak positions of 
the E12g and A1g resonances at different laser power. Peak 
positions of the A1g and E12g features manifest a linear red-shift 
by increasing power of the excitation laser as shown in panels (c) 
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and (d) for the MoS2-on-FP and MoS2-on-Si samples, 
respectively. (e) Local temperature of the MoS2 film at different 
laser powers, calculated from the ratio of Stokes to anti-Stokes 
integrated intensities of E12g feature. The dashed lines are least 
square linear fits to the experimental data. 
Figure 6-2 - Effect of the FP cavity length on heat generation. Variation of the 
red-shift experienced by (a) E12g and (b) A1g vibrations of tri-
layer MoS2-on-FP sample through changing cavity length (i.e., 
thickness of the SiO2 slab). For the sake of comparison, redshift 
of E12g and A1g resonances on Si substrate (no SiO2) at 
different laser powers are also represented. Symbols are 
experimental results and dashed lines are linear fits. (c) 
Quantitative values for the slopes of the MoS2 Raman redshifts 
on different substrates are tabulated for E12g (i.e.,  𝝌﷩𝑬𝟐𝒈
𝟏 ) and 
A1g (i.e.,  𝝌﷩𝑨𝟏𝒈) resonances. Negative signs of the slopes are an 
indication of the redshift. 
85 
Figure 6-3 - The enhanced light-MoS2 interaction on the FP cavity.  (a) The 
schematic illustration of the cavity structure. The ray trace 
shows the propagation of light beams inside the cavity.  (b) 
Simulation results representing the enhancement of the E12g 
Raman signal of the MoS2-on-FP sample as a function of the 
SiO2 thickness (cavity length) and the wavelength of the 
excitation laser. The color-bar represents the enhancement 
factor. (c) The enhancement spectra at 488 nm excitation 
wavelength (used in our experiments) for a trilayer MoS2 film 
on the SiO2 substrate (corresponding to the dashed line in panel 
(b)). Squares represent the experimental results. (d) The 
separate contribution of the improved light absorption (i.e., 
AEF) and light scattering (i.e., SEF), as represented in the 
schematic illustration of part (a) to the total enhancement of 
E12g Raman signal (i.e., TEF) at the 488 nm excitation 
wavelength. 
88 
Figure 6-4 - Spatial modulation of light-2D material interaction. (a) SEM 
image of the trilayer MoS2 film suspended over an array of holes 
etched into a 256 nm thick SiO2 layer on Si substrate. The darker 
region is covered with MoS2. (b) Raman mapping across a line 
passing over a hole in (a). Horizontal dashed lines are guides to 
the eyes showing Raman peak positions. Vertical lines depict 
edges of the hole. (c)  Relative change of the A1g and E12g peak 
positions across the scanned line compared to a reference point 
outside the hole. Dashed lines are guides to the eyes. The arrows 
show the extent of the hole. (d) Spatial temperature profile 
across the scanned line. Three regions are distinguishable: 
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suspended MoS2 at the middle and SiO2-supported MoS2 at the 
left and right regions. Dashed lines show the average 
temperature at each region. The arrows show the extent of the 
hole.  (e) Normalized intensity of the A1g and E12g across the 
scanned line. Dashed lines are guides to the eyes. The arrows 
show the extent of the hole. (f) Comparing enhancement of light 
absorption (i.e., AEF) in the MoS2 film integrated on SiO2 
(dashed line) and air-gap (solid line) FP cavities. The crosses 
mark the values for the cavity length of 256 nm, which is used in 
our experiment. 
Figure 6-5 - Hybrid plasmonic-MoSe2 structures. (a) The SEM image of the 
structure that integrates the coupled PNA array with a MoSe2 
monolayer. The black areas are covered by the MoSe2. The inset 
shows the three-dimensional schematic of the fabricated PNA 
composed of two arrays of coupled gold nanorods. (b) A closer 
look at the selected region in (a). Region A: PNA/MoSe2/SiO2, 
Region B: PNA/SiO2, Region C: MoSe2/SiO2, and Region D: 
SiO2 substrate. Thickness, width, and length of each individual 
gold nanoantenna are t = 30 nm, w = 30 nm, and l = 105 nm, 
respectively, with the PNA periodicity of a = 250 nm in both 
horizontal and vertical directions. (c) Extinction spectra of the 
hybrid MoSe2-PNA structure (region A) obtained from optical 
reflection spectroscopy for different nanoantenna lengths of 100, 
105, and 110 nm with t = 30 nm, w=30 nm, and a = 250 nm. The 
two observed resonances in all three spectra correspond to the 
PNA resonance (peak around 800 nm) and F-P resonance due to 
the interference of light inside the SiO2 substrate (peak at 
around 600 nm). (d) The PL spectrum of the MoSe2 on SiO2 
(region C) with a luminescence peak at 810 nm, which matches 
with the long-wavelength resonance of the PNA structure with l 
= 105 nm. 
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Figure 6-6 - Photoluminescence enhancement in Hybrid Plasmonic-MoSe2 
structures. PL maps measured at two different excitation 
wavelengths of (a) 488 nm and (b) 785 nm. Maps are represented 
at the wavelength of 810 nm (i.e., maximum PL intensity of the 
MoSe2). The location of the monolayer MoSe2 is outlined by 
white dotted lines, and the PNA covers the left side of the black 
dashed line. The PL spectra of the MoSe2 with and without PNA 
are compared for excitation wavelengths of (c) 488 nm and (d) 
785 nm. The PL enhancement factors are calculated and shown 
on the right vertical axes in (c) and (d). The PL enhancement 
spectrum for excitation at 785 nm is shown only above 800 nm 




Figure 6-7 - Lumerical simulation of hybrid plasmonic-MoSe2 structure. 
Enhancement (damping) of the pump and PL emission 
enhancement incurred by the strongly coupled nanoantenna 
array. (a, b) The x-y cross-section of the normalized field 
enhancement inside the MoSe2 layer, at excitation (λex = 785 
nm) and emission (λem = 822 nm) wavelengths (the colormap is 
in log scale). The average value of the field enhancement (Γex = 
|Eex|2) across the MoSe2 layer is 3.70. (c, d) The x-z cross-
sections of the same enhancement factors at 785 and 822 nm 
wavelength, respectively. 
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Figure 6-8 - Linear responses of the passive and active coupled PNAs. (a) 
Calculated extinction (i.e., change in the reflection) spectra of the 
substrate (290 nm-thick thermal SiO2 on Si, black dashed 
curve), passive (PNA without ML-MoSe2, red dotted curve), and 
active (PNA with ML-MoSe2, blue solid curve) structures. The 
resonance wavelengths of the passive and active arrays are at 766 
and 822 nm, respectively, corresponding to a resonance shift of 
56 nm in simulations. (b) Measured reflection extinction spectra 
of the monolayer MoSe2 on substrate (black dashed curve), 
passive PNA (red dotted curve), and active PNA/MoSe2 
structures (black dashed curve). Both simulation and 
experimental data are for PNAs with the nanoantenna length of 
l = 105 nm, width of w = 30 nm, thickness of t = 30 nm, and the 
periodicity of a = 250 nm. 
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Figure 6-9 - Polarization dependence of the extinction coefficient in hybrid 
PNA/MoSe2 monolayer. (a) Extinction coefficients of the 
MoSe2/SiO2 (dashed line), PNA/SiO2 (dotted line), and 
PNA/MoSe2/SiO2 (solid line) parts (as depicted in Figure 
6-5(b)), all measured at 0° polarizations, where 0° angle is 
defined to be parallel to the horizontal nano-antennas. 
Polarization-resolved extinction coefficient of (b) the 
PNA/SiO2, (c) monolayer MoSe2 on SiO2, and (d) 
PNA/MoSe2/SiO2 structures when the polarization of the input 
light is changed from 0° to 60° in equal steps of 15°. Comparing 
extinction coefficients of the MoSe2 with and without PNA 
reveals that the main source of the polarization sensitivity 
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The development of novel material platforms is the driving force behind steady 
advancements in microelectronics and optical sciences. Demonstrating novel 
functionalities, achieving faster data processing speeds, and minimizing the power 
consumption are the most important figures of merit, which shape the research roadmap 
for the discovery of new applied materials. Along this venue, most often, combing 
heterogeneous material is the most viable approach for simultaneously achieving these 
figures of merit all in one single chip. Motivated by this precedent, the objective of my 
research is oriented towards the implementation of a holist material platform for the 
synthesis of atomically thin lateral heterostructures (HSs) with engineerable morphologies 
and tunable optoelectronic properties in addressable sites on an electron chip. Employing 
the multipotent transition-metal dichalcogenide (TMD) material system, I first establish a 
technique for the post-growth alloying of binary TMDs and then harness it for the synthesis 
of patterned lateral TMD HSs using a CMOS-compatible fabrication protocol. Following 
a complete set of spectroscopies and characterizations, I provide detailed insights into the 
HS synthesis mechanism and further discuss technical challenges and viable solutions. I 
believe the developed knowledge in my PhD research can find immediate applications in 
multiple technologies including quantum information-processing, wearable devices, and 




CHAPTER 1. INTRODUCTION 
The never-ending interest for the development of new layered two-dimensional (2D) 
materials is the legacy of the graphene success. Among various 2D materials, transition-
metal dichalcogenides (TMDs) with MX2 formula (M: transition metal; X: chalcogen) have 
emerged as the ace of the post-graphene era. TMDs exist in various crystalline phases 
including semiconducting and metallic. More importantly, the electronic bandgap of the 
semiconducting phase can be controlled via changing M or X elements (Figure 1-1(a)), 
offering a digital portfolio of 2D materials for optoelectronic applications over a relatively 
wide optical window that covers visible and near infrared regimes. In addition, this digital 
portfolio can be turned into an analogue one through the alloying of 2D TMDs, a unique 
feature that enables the design of 2D materials with customized properties. The 
combination of these properties renders 2D TMDs a family materials with unmatched 
qualities for various applications including micro/nanoelectronics,[1-3] optoelectronics, 
[4-6] sensing, [7, 8] and energy harvesting. [9] 
The rich diversity of material phases, electronic bandgaps and band alignments, and 
chemical compositions has been the motivation for employing 2D TMDs as building 
blocks for the realization of devices with complex functionalities as well as the exploration 
of novel physical phenomena. In a simple analogy, different layered TMDs can be 
considered as atomically thin Legos that can be vertically stacked or laterally stitched to 
construct engineered structures.  Such a Lego-like vision has been the driving force for the 
synthesis of lateral (Figure 1-1(b)) and vertical (Figure 1-1(c)) heterostructures (HSs) with 
unprecedented properties. Early experimental demonstrations started with the vertical 
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stacking of heterogenous 2D materials either using the mechanical transfer of exfoliated 
films [11] or the direct growth of different TMDs on top of one another. [12, 13] However, 
the realization of lateral HSs with in-plane heterogeneities was slowed down by the 
development of advanced growth protocols, but it was eventually demonstrated using the 
edge epitaxy method. [13-15] 
 
Figure 1-1: Heterostructures of TMDs. (a) The electronic bandgap and the relative 
alignment of band edges for several group-VI TMDs. Energies are calculated with respect 
to the vacuum level. (b, c) The schematic illustrations of lateral and vertical HSs, 
respectively. Panel (a) is adopted from. [10] 
Despite the initial surge of attention to vertical HSs, lateral HSs have demonstrated a 
greater potential for the integration with the mainstream complementary metal-oxide-
semiconductor (CMOS) fabrication processes. Indeed, the lateral nature of the junction 
enables (1) a straightforward electrical access to the junction area, (2) the formation of a 
depletion region around the junction, (3) small device footprints, and (4) in-plane carrier 
confinements, a set of features that are mandatory for the large-scale fabrication of 
fundamental optoelectronic components such as diodes and transistors. The current state-
of-the-art has employed edge epitaxy methods (reviewed below) for the formation of 
coherent, defect-free, and atomically sharp lateral heterojunctions in atomically thin layers 























parameters of HSs and often yield a mixed combination of vertical and lateral junctions in 
unpredictable locations across growth substrates. Such limitations have impeded the 
integration of this material platform into practical applications. Thus, I believe my research 
offers a holistic solution to the aforementioned challenges and paves the way for the faster 
demonstration of real-world applications based on the lateral HSs of atomically thin TMDs. 
In my opinion, HS synthesis methods are often adopted versions of conventional 
techniques used for the alloying of 2D TMDs. Thus, in section 1.1, I will start with a brief 
review of mainstream strategies used for the alloying of TMD films. Then, in section 1.2, 
I will review the state-of-the-art methods used for the synthesis of lateral HSs.  
1.1 Alloying 
Alloying has long served as an irreplaceable approach for tuning optoelectronic 
properties of atomically thin semiconducting TMDs. In a ternary TMD alloy (i.e., 
MX’2xX2(1-x) or M’xM1-xX2; M, M’: transition metals and X, X’: chalcogens), changing the 
alloying ratio (i.e., x) enables tuning the bandgap of 2D materials, offering specifications 
that binary crystals (i.e., MX2) fail to provide. Because of identical crystal symmetries and 
relatively small lattice-constant mismatch among various TMDs, thermodynamic 
calculations prove that 2D alloys of TMDs are stable and can be synthesized at moderate 
temperatures. [16] Accordingly, several studies experimentally demonstrated synthesis of 
ternary alloys such as MoxW1-xSe2, [17] WS2xSe2(1-x), [18] MoS2xSe2(1-x), [19, 20] and 
MoxW1-xS2. [21] In addition to the rudimentary bandgap tuning, harnessing the kinetics 
and thermodynamics of alloying reactions is at the heart of state-of-the-art methods that 
are currently being used for the synthesis of lateral and vertical HSs. Therefore, to 
 4 
systematically trace the role of alloying in the formation of HSs, in the following I divide 
the alloying methods into two major categories that I refer to as direct and indirect (or post-
growth) alloying methods. However, the mechanical exfoliation from alloyed bulk crystals 
(e.g., Ref. [17]) is not covered in my survey of alloying techniques, primarily because of 
major shortcomings for practical applications.  
1.1.1 Direct Alloying 
Direct alloying is based on the simultaneous reaction of multiple precursors for the 
synthesis of TMD alloys in a single step. In the most commonly practiced strategy (see 
Figure 1-2(a)), three sources (e.g., two metals and one chalcogen) are evaporated at 
appropriate temperatures to provide precursors for the chemical vapor deposition (CVD) 
[22, 23] or physical vapor deposition (PVD) [24] synthesis of a ternary alloy on a substrate 
that is held at the upstream of the reaction chamber. In an alternative approach called the 
vapor-phase transport (VPT), the solid phases of two “stoichiometric” precursors such as 
MoS2 and WS2 are simultaneously evaporated at relatively high temperatures, and the 
generated vapor phase of these crystals are transported via a carrier gas (usually Ar) to the 
colder zone of the reaction chamber, where a mixed composition (i.e., an alloy) 
condensates on the substrate. It is worth noting that, because of relatively stable 
stoichiometric precursors, the synthesis of TMD alloys via VPT method is often performed 
at high processing temperatures. 
The direct alloying is the mainstream method for the synthesis of ternary TMD crystals 
because of unique flexibilities such as: compatibility with various synthesis protocols 
(CVD, PVD, VPT, etc.), compatibility with a diverse set of precursors, the possibility of 
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producing high-quality alloys with randomly mixed metals (Figure 1-2(b)) or randomly 
mixed chalcogens (Figure 1-2(c)), and compatibility with various substrate materials (e.g., 
SiO2 and sapphire (Al2O3)). In this approach the ratio of precursors, the vapor pressure of 
individual precursors, and the reaction temperature are key parameters for controlling the 
optoelectronic and structural properties of alloys. However, the co-existence of multiple 
precursors often demands the generation of a complex temperature profile for solid-phase 
precursors or a complex gas-delivery system for gaseous precursors. 
 
Figure 1-2: Alloying of 2D TMDs. (a) The schematic illustration of a representative 
direct-alloying approach in which the simultaneous reaction of WCl6, MoO3, and S 
precursors yields metal-mixed WxMo1-xS2 alloys. (b) Elemental analysis using EDS 
spectroscopy confirms the uniform distribution of all elements (i.e., a random alloy). (c) 
An atomic-resolution STEM image (left) and the elemental mapping (right) of a chalcogen-
mixed MoS2xSe2(1-x) alloy synthesized via the direct reaction of MoO3, S, and Se 
precursors. Similarly, a randomly mixed alloy is obtained. Panels (a, b) and (c) are adopted 
from [25] and [20]. 
1.1.2 Indirect (Post-Growth) Alloying 
The indirect alloying method starts with the growth of a binary MX2 film in the first 
step. In the second step, using a high-temperature annealing process in the presence of a 
dissimilar chalcogen vapor (i.e., X’), the X chalcogens of the MX2 crystal are partially 
replaced by the X’ chalcogens, which yields a ternary MoX’2xX2(1-x) alloy. This approach 
is sometimes called the post-growth alloying because the allying step occurs after the 
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growth of a binary crystal. In this approach the degree of the elemental replacement defines 
the composition ration of alloys (i.e., x between 0 to 1). In comparison to the direct alloying 
approach, the post-growth alloying has been far less explored, mostly because of the 
complexity of the alloying process. Indeed, in the post-growth alloying, a well-established 
binary lattice- with fixed lattice parameters needs to be disturbed and converted into an 
alloy with different lattice parameters, a chain of changes that complicates this alloying 
method. 
Although the indirect alloying method offers a promising direction for customizing 
material properties, the extension of the literature on this subject is limited to the proof-of-
concept demonstrations in only a few reports, [26, 27] and important details such as 
chalcogen-substitution mechanism, the impact of the starting binary lattice, and substrate 
materials have remained largely unknown. Thus, as a part of my PhD research, I planned 
a set of systematic experiments followed by extensive spectroscopic characterizations to 
(1) shed light into the details of the indirect allying method (will be covered in CHAPTER 
2 and 3), and (2) employ this method for the synthesis of lateral HSs for advanced 
optoelectronic devices (will be covered in CHAPTER 4 and 5). 
1.2 Synthesis of Lateral HSs via Edge-Epitaxy 
A lateral HS forms when two heterogenous 2D materials are brought together to form 
a seamless junction within an atomically thin plane (Figure 1(b)). Such junctions have been 
realized between various pairs of 2D materials including graphene-TMDs, [28, 29] 
graphene-hBN, [30] and TMD-TMD. [27, 31, 35] In this section, I will review the synthesis 
of junctions only made of heterogenous TMDs films.  
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Lateral TMD-TMD HSs were first realized using a method widely referred to as the 
“edge epitaxy”. This technique relies on the growth of a TMD crystal on the active edge of 
a dissimilar TMD crystal. Indeed, because of the relatively small lattice mismatch between 
various TMDs, the unsaturated edge of a TMD film can serve as an active growth front for 
the lateral epitaxy of a dissimilar TMD film (Figure 1-3(a)). This approach has been 
implemented in several variations including single-step, [13, 14] two-step, [15] and 
sequential [31] schemes. In the single step approach, two stoichiometric TMD crystals such 
as MX2 and M’X2 are simultaneously placed in a single boat held at high temperatures, and 
the vapor phase of these two TMDs are carried to the colder zone of the reaction chamber, 
where they condense side by side on a substrate to form a MX2-M’X2 lateral HS. Using 
this strategy, several groups demonstrated the synthesis of MoS2-WS2, [13, 32] MoSe2-
WSe2, [14] and MoS2-MoSe2 [14] lateral HSs. As exemplified in Figure 1-3(b), such HSs 
are composed of a central TMD crystal surrounded by a dissimilar TMD crystal on their 
periphery. 
The edge epitaxy can be performed in a sequential mode for the synthesis of structures 
composed of multiple junctions between two heterogenous TMDs (Figure 1-3(e-g)). The 
development of such structures requires the cyclic exchange of active precursors to 
alternatively perform the epitaxy on the fresh edge of the last-grown TMD film. To realize 
such structures, selective and cyclic evaporation of “solid” TMD targets via cyclic 
switching of the carrier gas was proposed. [31] In this approach, solid MoX2 and WX2 (X: 
S or Se) crystals were simultaneously placed in a boat held at a moderate temperature at 
which neither of the crystals are volatile (thus no growth). Then, by flowing N2 + H2O(g) 
carrier gas into the reaction chamber the growth of only MoX2 was promoted. 
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Figure 1-3: Synthesis of Lateral HSs via the edge epitaxy method. (a) The schematic 
illustration of the edge epitaxy for the synthesis of a MX2-MX’2 lateral HS. (b) The STEM 
image of MoSe2-WSe2 HSs synthesized through a single-step edge epitaxy. These HSs are 
synthesized via a single VPT step using the evaporation of MoSe2 and WSe2 powders, 
typically at 950 oC. (c)  STEM images obtained at the MoSe2-WSe2 junction, which shows 
formation of an alloyed interface. (d) A representative STEM image that illustrates 
formation of an atomically sharp interface obtained via a two-step epitaxy of MoS2 on the 
edge of a WSe2 monolayer. (e) The optical image of a multi-junction MoSe2-WSe2 Lateral 
HS synthesized via a sequential edge epitaxy technique. (f, g) PL maps obtained at 1.6 eV 
(WSe2) and 1.52 eV (MoSe2) emission energies, respectively, which clearly confirms 
formation of a multi-junction structure. All scale bars represent 10 µm. Panels (b, c), (d), 
and (e-g) are adopted from [33], [15], and [32], respectively. 
Subsequently, switching the carrier gas to Ar + H2(5%) terminates the growth of MoX2 and 
selectively promotes the epitaxy of WX2 on the edge of MoX2. Therefore, cyclic switching 
between the two carrier gases enables the sequential epitaxy of multiple-junction TMD 
HSs. In this approach, the fast depletion of pre-existing precursors is very important, 
otherwise the trace of precursors from a previous step leads to the formation of an alloyed 
junction instead of a sharp one. [31] It is worth noting that the two-step edge epitaxy 
method is also capable of producing sequential junctions via sequential transferring of the 
sample from one reaction chamber to another. However, this strategy has a very low yield 
and it encounters edge contamination issues because of exposing the sample to the ambient 
during the transfer process. 
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The one-step edge epitaxy approach encounters two major issues, mostly routed in the 
co-existence of multiple precursors in the vapor phase.  First, it often yields an alloyed 
junction with a finite width (Figure 1-3(c)) instead of an abrupt junction with an atomically 
sharp interface. [13, 14] Second, the one-step nature of the process necessitates a growth 
condition that works for both TMD crystals that are intended to form the lateral junction. 
Because of this limitation, lateral HSs created by the one-pot strategy are composed of 
either common-chalcogen TMDs (e.g., MoS2-WS2) or common-metal TMDs (e.g., MoS2-
MoSe2), which have relatively similar growth conditions. These two limitations are 
addressed in the two-step synthesis scheme in which a TMD crystal is first grown and then 
transferred to another chamber for the lateral epitaxy of the second TMD crystal on the 
edge of the first one. Such an approach offers two major advantages: (i) it eliminates the 
interference of the precursors needed for the growth of the two TMD films, which allows 
for the synthesis of atomically sharp junctions, and (ii) it enables changing both transition 
metal and chalcogen elements on either side of the junction, which expands the variety of 
lateral junctions that can be achieved via the edge epitaxy. Using this strategy, WSe2-MoS2 
lateral HSs with atomically sharp interfaces and dissimilar chalcogens and transition metals 
have been demonstrated (Figure 1-3(d)). [15] However, the similarity of this approach to 
the post-growth alloying recipe (section 1.1.2) limits the growth sequence. Indeed, to avoid 
alloying or destabilizing the first-grown TMD film in the second step, the TMD film with 
a higher growth temperature (e.g., WSe2, 925 
oC) must be synthesized in the first step and 
then followed by the edge epitaxy of the second TMD crystal with a lower growth 
temperature (e.g., MoS2, 755 
oC). 
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Despite state-of-the-art demonstrations, in all variations of the edge epitaxy method, 
the geometrical shape of the lateral junction is strictly limited by crystal orientations, lattice 
symmetries, and the chirality of exposed edges. Therefore, via the edge epitaxy, lateral HSs 
with only certain shapes such as triangles or hexagons can be obtained. [31] In addition, 
the edge epitaxy yields lateral junctions in random and unpredictable locations across the 
growth substrate, which is a major setback for the implementation of practical devices. 
These two major issues have hampered widespread demonstration of optoelectronic 
devices based on lateral HSs of TMDs synthesized via edge epitaxy methods. To address 
these issues, I dedicated a significant part of my PhD work to develop alternative 
approaches for the fabrication of lateral TMD HSs with arbitrary shapes and arbitrary 
dimensions in predefined locations. As I will discuss in CHAPTERs 3 and 4, my proposed 
methods are rooted in the post-growth alloying technique. Considering the revolutionary 
impact of nano structures in various research fields including sensing [36-41] and 
optoelectronics [42-45], I believe that achievements of this PhD research will offer a yet 
another novel platform that can further enrich the portfolio of functional nanostructures. 
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CHAPTER 2. POST-GROWTH ALLOYING OF MONOLAYER 
TRANSITION-METAL DICHALCOGENIDES 
 In this chapter, I will explain how a “binary” monolayer TMD crystal can be 
converted into a “ternary” alloy using a post-growth alloying technique. In our alloying 
approach, a monolayer MoSe2 film serves as a host crystal in which exchanging selenium 
(Se) atoms with sulfur (S) atoms yields a MoS2xSe2(1-x) ternary alloy. Such an alloying 
protocol will be referred to as the sulfurization process throughout this dissertation. 
Following a systematic variation of alloying parameters (i.e., time, temperature, etc.) 
combined with detailed characterization techniques, the as-prepared alloys will be studied, 
and the alloying process will be optimized to enable the synthesis of high-quality materials 
with compositionally tunable optoelectronic properties. In addition, we combine a set of 
systematic experiments with ab-initio density-functional theory (DFT) calculations to 
identify the nature of the alloying process, which relies on the important role of pre-existing 
atomic vacancies and crystal defects in the starting binary TMD film (i.e., MoSe2). Our 
study reveals that the driving force required for the alloying of films with abundant 
vacancy-type defects (e.g., CVD-grown films) is significantly lower than what is required 
for the alloying of films with fewer vacancies (e.g., exfoliated films). Indeed, we show that 
pre-existing Se vacancies in the host MoSe2 lattice mediate the replacement of chalcogen 
atoms and facilitate the synthesis of MoS2xSe2(1-x) alloys. Our DFT calculations suggest 
that S atoms can bind to Se vacancies and then diffuse throughout the host MoSe2 lattice 
via exchanging the position with Se vacancies, further supporting our proposed defect-
mediated alloying mechanism. 
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2.1 Alloying Procedure 
As schematically shown in Figure 2-1(a), our alloying process relies on replacing Se 
atoms of MoSe2 monolayers by S atoms. To experimentally demonstrate such an alloying 
scheme, we employ a high-temperature sulfurization recipe that anneals MoSe2 
monolayers under the sulfur ambient in a quartz tube. A quartz crucible loaded with sulfur 
powder supplies the sulfur to the reaction chamber. We place the crucible 5 cm away from 
monolayer MoSe2 samples and then evacuate the chamber to a base pressure below 10
-4 
Torr. Then, we seal the chamber and rise the pressure to 5-7 Torr by introducing argon (Ar) 
gas into the chamber. Subsequently, at a rate of +20 oC/min, we increase the temperature 
to the sulfurization temperature (700-950 oC) and anneal the sample at such a condition for 
a variable time. At the end of the sulfurization period, sulfur precursor is purged out of the 
reaction chamber by a constant flow of Ar (2000 sccm), and then furnace is cooled down 
to the room temperature at a rate of -20 oC/min. The sulfurization time and temperature 
determine the extent of the chalcogen replacement, defining the composition ratio (i.e., x) 
in the MoS2xSe2(1-x) alloy. The whole process is a computer-controlled recipe.  
The photoluminescence (PL) spectroscopy performed on CVD-grown MoSe2 samples 
sulfurized at different temperatures (Figure 2-1(b)) demonstrates that sulfurization at 950 
oC for 20 mins leads to the complete replacement of Se atoms by S atoms, converting the 
starting MoSe2 crystal (x = 0, PL peak ≈ 870 nm) into a MoS2 crystal (x = 1, PL peak ≈ 
680 nm). Accordingly, sulfurization at lower temperatures leads to the partial substitution 
of chalcogen atoms and the synthesis of ternary alloys with 0 < x < 1. We also draw a 
similar conclusion from Raman spectroscopy (Figure 2-1(c)) in which, upon increasing the 
sulfurization temperature, the A1g Raman mode of the starting MoSe2 monolayer at 240 
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cm-1 gradually disappears, and the E12g and A1g modes of the MoS2 monolayer at 381 cm
-1 
and 401 cm-1 emerge.  
 
Figure 2-1: Synthesis of 2D ternary alloys via the atomic substitution on chalcogen 
sites. (a) Schematic representation of the alloying process. Using a controlled sulfurization 
process, the Se atoms of a starting MoSe2 crystal (top) are partially replaced by S atoms, 
yielding MoS2xSe2(1-x) alloys (middle). The complete replacement of chalcogens converts 
the MoSe2 crystal into MoS2 (bottom). (b, c) Representative PL and Raman spectra, 
respectively, acquired from CVD-grown MoSe2 monolayers sulfurized at various 
temperatures for 20 mins. Composition ratios (i.e., x) are marked on PL spectra in panel 
(b). (d, e) The optical-microscope images and (f, g) PL maps of a representative monolayer 
film before and after sulfurization (850 oC, 20 mins), respectively. Color bars in (f) and (g) 
represent PL peak positions. (h) The SEM image of the MoSe2 film before sulfurization. 
(i) The SEM image taken from the bottom-right corner of the triangle after the sulfurization 
step, revealing that the alloying process yields a cracked film. The inset shows the whole 
triangle after the sulfurization step. Scale bars in (d)-(h) and (i) represent 10 µm and 5 µm, 
respectively. 
Our characterizations show that, in comparison to the Raman spectroscopy, the PL 
spectroscopy offers better sensitivity to the composition variation. For example, the PL 
spectrum of the sample sulfurized at 750 oC displays a clear red-shift (~ 30 nm) from that 
of the starting MoSe2 crystal (Figure 2-1(b)), while the Raman spectrum of this sample is 
relatively similar to that of the starting MoSe2 film (Figure 2-1(c)). Thus, we use the PL 
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spectroscopy to estimate the composition ratio of MoS2xSe2(1-x) alloys synthesized at 
various sulfurization conditions (labeled in Figure 2-1(b)). In addition, we employed the 
PL mapping before and after the sulfurization of CVD-grown MoSe2 monolayers (Figure 
2-1(d)-(g)) to explore the spatial uniformity of the chalcogen replacement across the plane 
of the 2D material. As Figure 2-1(g) shows, for a sample sulfurized at 850 oC for 20 mins, 
the PL map displays a relatively uniform emission profile (765 ± 5 nm, x ≈ 0.45 ± 0.04), 
suggesting that the chalcogen substitution takes place uniformly across the entire plane of 
the 2D material. Our experiments showed that such a notable spatial uniformity is also 
achievable in MoS2xSe2(1-x) alloys with other values of x.  
Here, I would like to briefly point to the major challenge of the post-growth alloying 
technique. Investigating the as-synthesized MoS2xSe2(1-x) crystals using scanning-electron 
microscopy (SEM) reveals that, while the starting CVD-grown MoSe2 films are seamless 
(Figure 2-1(h)), the sulfurization process generates fractured alloys with submicron-sized 
domains enclosed by cracks (Figure 2-1(i)). The origin of this phenomenon, which lies in 
the two-step nature of the alloying process, and practical solutions for addressing this issue 
will be discussed in detains in CHAPTER 3. 
2.1.1 Anomalous Saturation of Chalcogen Substitution 
Duration of the sulfurization process is another important parameter that affects the 
composition (i.e., x) of the as-synthesized alloys. The general perception is that the 
elongation of the sulfurization process allows for more sulfur incorporation into the starting 
MoSe2 lattice, which yields MoS2xSe2(1-x) alloys with larger x values. Our experiments 
show that, this expectation is only partially true, and it depends on the sulfurization 
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temperature as well. To elaborate this point in a systematic way, we performed multiple 
alloying runs with varying sulfurization time while keeping the temperature fixed. Results 
of these experiment are presented in Figure 2-2. 
 
Figure 2-2: Effect of sulfurization time on the composition of the MoS2xSe2(1-x). (a) The 
PL spectra of MoSe2 films annealed at 850 
oC for various sulfurization times as designated 
on the figure. The spectral shift of the PL becomes asymptotic after ~10 mins of 
sulfurization, suggesting the saturation of chalcogen substitution. (b) The Raman spectra 
of samples shown in panel (a). The Raman resonance of silicon at 521 cm-1 is used as the 
calibration reference. 
As shown in Figure 2-2(a) at the representative temperature of 850 oC, by increasing 
the sulfurization time, the PL peak position monotonically blueshifts from ~ 825 nm (i.e., 
MoSe2) to an asymptotic value of 725 nm. Interestingly, after 15 mins, further elongation 
of the sulfurization process does not shift the PL peak position anymore, though it degrades 
the material quality as evident by the weaker signal-to-noise ratio of the PL spectrum 
collected from the sample sulfurized for 20 mins. Similarly, the Raman spectroscopy in 
Figure 2-2(b) shows that the characteristic resonance mode of the MoSe2 at ~ 241 cm
-1 
gradually weakens and the two resonance modes of MoS2 between 390-410 cm
-1 appear. 
Again, elongation of the sulfurization process beyond 15 mins, changes neither the spectral 
 20 
position nor the weight of the MoSe2 and MoS2 features in the overall Raman spectrum, 
suggesting that the composition of the alloy has reached a saturation point. 
To study the temperature dependence of this saturation effect, we performed similar 
experiments at two different temperatures of 800 oC and 950 oC. After each sulfurization 
run, we performed PL measurements to estimate the composition ratios of obtained alloys 
(see below for details) and related the obtained x values to the sulfurization time. As 
depicted in Figure 2-3, at all three temperatures, the chalcogen substitution saturates with 
increasing the sulfurization time, meaning that x initially increases and then asymptotically 
reaches to an upper value. In addition, our experiments reveal that the saturation value of 
x is temperature dependent and a larger portion of the Se atoms in the host MoSe2 lattice 
can be replaced by the S atoms at higher sulfurization temperatures. Our observation is 
interesting in the sense that it adds an addendum to the general understanding of the role 
of alloying time on the extent of elemental replacement in the post-growth alloying 
procedures. In other words, our observation implies that the progress of chalcogen 
replacement with time is true for only short sulfurization processes.  
We note that the exact mechanism behind the observed saturation phenomenon is still 
unclear to us. However, we speculate that the type and density of native defects in starting 
MoSe2 films and their temperature-driven diffusion within the plane of the 2D material is 
the plays an important role. This point becomes clear in the following parts (specifically 
section 2.3), where we shed more light into the role of native defects in mediating the 
chalcogen replacement during the sulfurization process. 
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Figure 2-3: Saturation of chalcogen substitution. A temperature-dependent saturation of 
the alloy composition (i.e., x in MoS2xSe2(1-x)) is observed. The saturation value becomes 
larger as the temperature increases. 
In the above discussions, we relied on the widely used bandgap criterion for the 
estimation of composition values at various alloying conditions. In this criterion, we use 
the following equation:  
 E[MoS2xSe2(1-x)] = x × E[MoS2] + (1-x) × E[MoSe2] (1) 
 
In equation 1, E represents the bandgap energy of the compound identified in brackets. 
Here, we have assumed that the bowing effect is negligible, in agreement with ab initio 
calculations. E[MoS2] and E[MoSe2] were experimentally obtained from the PL spectra of 
pristine CVD-grown MoS2 and MoSe2 films, respectively. E[MoS2xSe2(1-x)] values at each 
alloying condition were also estimated from the PL spectra of synthesized films. Thus, 
using these inputs, the x values can be mathematically calculated from equation 1.  
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Figure 2-4: STEM analysis of atomic arrangements in MoS2xSe2(1-x). (a-c) High-
resolution STEM images of a pristine MoSe2 monolayer, an alloy with x ≈ 0.35, and an 
alloy with x ≈ 0.65, respectively. (d-i) Intensity profiles along the atomic lines highlighted 
on panels (a-c). A random intermixing of S and Se atoms are observed. Scale bars in panels 
(a)-(c) represent 2 nm. (Mo: molybdenum, S: sulfur, Se: selenium, VSe: single-Se vacancy, 
and V2Se: double-Se vacancy) 
2.2 Spectroscopic Characterization of MoS2xSe2(1-x) Alloys 
To better understand the structure of as-synthesized alloys, we study the atomic 
structure of MoS2xSe2(1-x) films via conducting scanning transmission electron microscopy 
(STEM) on monolayer films before and after the sulfurization process. Our STEM imaging 
was performed in an aberration-corrected STEM tool (Hitachi HD2700) working in high-
angle annular dark field (HAADF) mode at an acceleration voltage of 80 kV. We used a 
low current dosage (< 30 pA) to minimize the ionization damage. Our STEM 
characterization relies on the image-intensity variation at atomic sites for identifying the 
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distribution of Mo, Se, and S elements across an imaging window. In this criterion, the 
atomic number (Z) of elements and the number of atoms that occupy an atomic site are 
primary parameters that contribute to the image intensity. [1] Thus, in STEM images 
obtained from pristine MoSe2 monolayers (Figure 2-4(a)), chalcogen columns with two Se 
atoms (Zse = 34) appear brighter than metallic columns with only one Mo atom (ZMo = 42). 
Such a distinction is reflected in the intensity profiles shown in Figure 2-4(d) and (e). 
Moreover, our STEM analysis identifies single-Se vacancies (VSe) and double-Se 
vacancies (V2Se) in pristine MoSe2 monolayers. VSe and V2Se can be readily determined via 
the drop of the image intensity to half and zero (i.e., the background level) at chalcogen 
columns, as respectively shown in representative profiles in Figure 2-4(e) and (d).  
Sulfurization replaces Se atoms with lighter S atoms (ZS = 16), which reduces the 
image intensity at chalcogen sites in MoS2xSe2(1-x) alloys, and the image becomes darker as 
the sulfur content (i.e., x) increases. In Figure 2-4(b) and (c), we compare the STEM images 
taken from two different MoS2xSe2(1-x) alloys with x ≈ 0.35 and x ≈ 0.65, respectively. In 
the sample with the lower sulfur content, most of chalcogen columns are occupied by Se+S 
stacks (Figure 2-4(f)), while 2S columns and 2Se columns (Figure 2-4(g)) appear at 
significantly smaller counts. In contrast, in the sample with the higher sulfur content, 2S 
columns occupy the majority of chalcogen sites, while 2Se appears in only a few atomic 
sits. We have also observed the stacking of sulfur atoms on the top of Mo atoms in some 
isolated sites (Figure 2-4(i)). Collectively, our STEM findings suggest that the insertion of 
S atoms into the MoSe2 lattice starts with replacing only one of the Se pairs in a 2Se 
column, and is then followed by the replacement of the second Se atom as the composition 
of the alloy approaches that of MoS2 (i.e., x = 1). More importantly, our STEM analysis 
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reveals that the employed sulfurization process successfully yields randomly mixed Mo-S-
Se alloys without any phase segregation. This point is critically important as the random 
mixing of Se and S enables continuous tuning of the electronic bandgap in Mo-S-Se alloys, 
a feature that cannot be achieved in phase segregated alloys with poor tunability. [2] 
In addition to the atomic structure of the as-synthesized alloys, we also investigated 
the chemical properties of the sulfurized samples using X-ray photoelectron spectroscopy 
(XPS). Figure 2-5 shows a representative XPS spectra of a fully converted sample (i.e., x 
= 1) that was produced from a MoSe2 monolayer sulfurized at 950 
oC for ~15 mins. 
Observation of the Mo-3d doublet at ~229.5 eV and 233.8 eV and S-3p at 162.3eV and 
163.8 eV confirm the formation of chemical bounds between incorporated S atoms and the 
Mo atoms of the host lattice, further confirming the establishment of an chemically ordered 
structure following the sulfurization of the sample. We note that we have also observed a 
pronounced MoO3 peak at ~ 235.5 eV that could be due to the partial oxidation of the 
sample during exposure to the ambient or, alternatively, due to the presence of trace oxygen 
in the sulfurization chamber.  
 
Figure 2-5: XPS analysis of converted MoS2 monolayers. A representative XPS 
spectrum of a fully converted MoS2 sample (i.e., x = 1). Squares represent experimental 
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data and the solid lines represent fitted curves. Mo-3d and S-3p features are separately 
displayed in left and right panels, respectively.  
Collectively, our STEM and XPS analysis, combined with previously discussed optical 
spectroscopies (i.e., Raman and PL), prove that our developed post-growth alloying 
protocol based on controlled sulfurization of binary TMDs offers a robust approach for the 
synthesis of atomically mixed and chemically ordered alloys with compositionally tunable 
optical properties. The observation of well-defined excitonic emissions from the as-
synthesized alloys further attests the high quality of MoS2xSe2(1-x) alloys. 
2.3 Alloying Mechanism: Role of Native Defects 
Atomically thin nature of two-dimensional (2D) transition-metal dichalcogenides 
(TMDs) makes them susceptible to structural defects of various types and densities. [3-6] 
Native defects are intrinsically introduced during material synthesis processes, often 
performed at relatively high temperatures. Among various synthesis techniques, chemical-
vapor deposition (CVD), [7-9] physical-vapor deposition (PVD), [10, 11] the 
sulfurization/selenization of transition metals, [1, 12] and the mechanical exfoliation from 
bulk crystals [13, 14] have attracted extensive attention to form monolayer TMD films. 
Accordingly, details of the synthesis process (i.e., temperature, precursor gases, etc.) define 
the type and concentration of defects in monolayer TMD crystals. [15] For instance, PVD-
grown monolayer TMDs primarily host a large density of anti-site defects (e.g., Mo atoms 
occupying S sites in a MoS2 lattice), [5] while CVD-grown and mechanically exfoliated 
samples mostly host chalcogen vacancies (e.g., missing Se atoms in the lattice of MoSe2) 
with considerably lower densities. [16, 17] Several studies have explored the influence of 
native defects on electrical, [18, 19] optical, [16, 20] mechanical, [21, 22] and 
electrochemical [23] properties of monolayer TMDs. These studies show that defects may 
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cause adverse effects such as reducing the carrier mobility of electronic devices, [18] 
lowering the quantum efficiency of light emitters, [16] and weakening the strength of 
mechanical devices [22] made of monolayer TMDs. On the other hand, defects can also be 
leveraged for enhancing electrochemical activities, [23] devising single-photon emissions, 
[24] and controlling the doping type/density [25] in 2D TMD crystals. 
In the post-growth alloying approach, a binary crystal (i.e., MX2) serves as a host 
lattice in which native elements (e.g., X) can be partially replaced by a dissimilar 
counterpart (e.g., X’) to synthesize a ternary compound (i.e., MX’2xX2(1-x)). [2, 31, 32] In 
such a scheme, the presence of native defects in the starting host crystal may affect the 
details of the alloying process as well as the ultimate properties of ternary crystals 
synthesized via the post-growth alloying approach. However, despite the urge, the current 
span of the literature lacks a systematic study that elucidates the contribution of native 
defects in the alloying of monolayer TMD crystals. In this section, I bridge the gap between 
these two crucial subjects and unravel the interplay between “native defects” and the post-
growth “alloying” of binary TMD crystals. Motivated by their widespread use, we employ 
CVD-grown and mechanically exfoliated MoSe2 monolayers as the host binary crystal in 
sulfurization process. Comparing the response of these two different host materials to the 
sulfurization process provides unprecedent insights into the atomistic details of the post-
growth alloying mechanism. 
We first repeated our sulfurization process on “exfoliated” MoSe2 monolayers and 
compared the properties of obtained alloys with those synthesized from “CVD-grown” 
MoSe2 monolayers (as discussed in previous sections). Figure 2-6(a-d) display the optical 
images and PL maps of an exfoliated MoSe2 film before (top row) and after (bottom row) 
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sulfurization at 950 oC for 15 mins. The representative PL and Raman spectra of the sample 
are also shown in Figure 2-6(e) and 2(f), respectively. In these figures, the blueshift of the 
PL peak as well as the emergence of two new Raman peaks (around 400 cm-1) prove the 
successful incorporation of S atoms into the lattice of exfoliated MoSe2 films. However, in 
comparison to CVD-grown crystals, the chalcogen exchange in exfoliated MoSe2 
monolayers is less efficient. For instance, sulfurization at 950 oC for 20 mins enables near-
complete chalcogen replacement in CVD-grown MoSe2 monolayers (Figure 2-1), while an 
identical sulfurization condition leads to only 35-50 % chalcogen replacement in exfoliated 
monolayer crystals (Figure 2-6).  
 
Figure 2-6: Alloying of exfoliated MoSe2. (a, b) Optical images of an exfoliated MoSe2 
film before and after the sulfurization process (950 oC, 20 mins), respectively. The dashed 
line outlines the monolayer region. (c, d) The PL mapping of the sample before and after 
the sulfurization process, respectively. (e, f) The SEM images of the sample before and 
after the sulfurization process, respectively. The alloying process does not generate cracks 
in the exfoliated crystal. (g, h) Representative normalized PL and Raman spectra, 
respectively, of the sample before and after the sulfurization process. The inset of panel (g) 
displays x values obtained at different sulfurization times (temperature was fixed at 950 
oC). Symbols represent experimental data point, and lines are guides to the eye. Scale bars 
represent 10 µm. 
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The above observation suggests that further chalcogen substitution in exfoliated 
MoSe2 films demands sulfurization at temperatures above 950 
oC, which is out of the reach 
of our experimental setup. Alternatively, we extended the sulfurization time to allow for 
more chalcogen substitution. However, as the inset of Figure 2-6(e) shows, the chalcogen 
substitution in exfoliated films saturates at x ≈ 0.45 after ~ 30 mins of sulfurization at 950 
oC, which is consistent with our previous discussion in section 2.1.1. Interestingly, under 
identical sulfurization conditions, the saturation point is at a significantly larger value of x 
≈ 1 (the inset of Figure 2-6(e)). Therefore, we conclude that replacing chalcogen atoms in 
exfoliated MoSe2 monolayers is less efficient than that in CVD-grown samples. 
Considering consistent sulfurization conditions used for CVD-grown and exfoliated MoSe2 
monolayers, we infer that the characteristic material properties of the host MoSe2 film play 
the primary role in the obtained attributes of the as-synthesized MoS2xSe2(1-x) alloys.  We 
note that, unlike CVD-grown films, exfoliated MoSe2 does not crack after the post-growth 
alloying. Explanation of this phenomenon will be provided in the next chapter. 
TMD crystals are known to host point defects of various types and densities. [3-6] 
Such point defects may serve as atomic-scale sites from which the S atoms incorporate into 
the lattice of MoSe2 crystals, hence, promoting the chalcogen replacement during the 
sulfurization process. Therefore, probing point defects in the starting MoSe2 films can shed 
light on the atomic-scale details of the alloying process and help explaining the different 
chalcogen-substitution behaviors we observed in CVD-grown and exfoliated samples (i.e., 
the inset of Figure 2-6(e)). Point defects can be probed via monitoring the optical states 
that they induce within the bandgap of an otherwise perfect semiconductor. [16, 29] 
However, because of the strong thermal broadening, such mid-gap optical states should be 
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monitored at low temperatures. Therefore, we carried out low-temperature (~ 4K) PL 
spectroscopy to compare the density of pre-existing point defects in CVD-grown and 
exfoliated MoSe2 monolayers (Figure 2-7). 
The low-temperature PL spectra of exfoliated MoSe2 films (Figure 2-7(a)) display two 
spectrally symmetric emission peaks at ~ 745 nm and ~ 760 nm associated with neutral 
excitons (Xo) and charged excitons (i.e., trions (T)), respectively. We measured a bonding-
energy difference of ~ 30 meV between Xo and T that agrees with previous reports. [30] In 
addition to Xo and T emissions, we identify a spectrally asymmetric emission line at longer 
wavelengths that can be deconvoluted into multiple Gaussian lineshapes with emission 
energies ~ 0.15-0.2 eV below the Xo energy. We attribute these emission bands to the 
radiative recombination of excitons trapped by defect states in exfoliated MoSe2 
monolayers, and we refer to them as defect-trapped excitonic emissions (Xd). Such an 
assignment matches previous experimental observations and theoretical predictions based 
on DFT calculations, [29] which suggest the formation of defect-induced mid-gap states ~ 
0.2-0.3 eV away from the edge of the conduction/valance band in MoSe2 films.
 In Figure 
2-7(b), we further verified the nature of the Xd emission via monitoring its integrated PL 
intensity as the power of the excitation laser changes. Since the Xd emission stems from 
defect-mediated radiative recombination, its emission intensity is expected to saturate at 
high excitation powers after defect states are fully populated with free excitons. Our 
experiments confirm this expectation as the emission intensity of Xd displays a sub-linear 
dependence on the excitation power, manifesting the saturation of the PL intensity at high 
excitation powers. In contrast, Xo and T emission bands follow linear trends with no sign 
of saturation within the measured range of excitation powers. 
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Figure 2-7: Low-temperature (~ 4K) PL spectroscopy of defects in MoSe2 monolayers. 
(a) PL spectra obtained from a representative exfoliated MoSe2 sample. Excitation powers 
are marked on the spectra. Three emission lines marked on the spectra associate with 
neutral excitons (Xo), trions (T), and defect-trapped excitons (Xd). (b) The integrated PL 
intensities of Xo and T emissions demonstrate linear dependence on the excitation power, 
while a sub-linear trend governs the behavior of the Xd emission. (c) PL spectra obtained 
from a representative CVD-grown MoSe2 sample. Excitation powers are marked on the 
spectra. The defect-assisted emission dominates the PL spectra of CVD-grown samples, 
and Xo and T emissions only appear as weak peaks on the shoulder of the Xd emission.  
The shaded region highlights the approximate locations of Xo and T peaks. 
In comparison to exfoliated MoSe2 crystals, CVD-grown crystals display strikingly 
different low-temperature PL spectra (Figure 2-7(c)). In fact, in CVD-grown samples, the 
defect-mediated emission (i.e., Xd) overwhelms the entire PL spectrum, and the emissions 
of free excitons/trions only appears as weak peaks on the short-wavelength shoulder of the 
broad Xd band, as highlighted by the shaded oval in Figure 2-7(c). In addition, within our 
accessible range of the excitation power, we did not observe any saturation in the emission 
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intensity at the Xd band of CVD-grown films. These collective observations suggest that 
the density of point defects in CVD-grown MoSe2 monolayers is significantly larger than 
that in exfoliated MoSe2 monolayers. 
To further study native point defects, we performed STEM imaging on CVD-grown 
(Figure 2-8(a)) and exfoliated (Figure 2-8(b)) MoSe2 monolayers. Here, we rely on the 
image-intensity variation at atomic sites (Figure 2-8(c)) to identify the type and areal 
density of defects in the examined monolayers. In STEM, the image intensity at a specific 
site is proportional to the atomic number (Z) as well as the number of atoms occupying the 
site. Thus, in a monolayer MoSe2 film, chalcogen sites with two Se atoms (Z = 34) appear 
slightly brighter than metal sites with only one Mo atom (Z = 42). Accordingly, through 
the intensity mapping across atomic lines (e.g., Figure 2-8(c), left panel), we can 
distinguish the chalcogen sub-lattice from the metal sublattice and readily build the 2D 
lattice of MoSe2. Using this approach, lattice distortions or defects can be immediately 
identified through a deviation from the benchmark intensity profile. For instance, as the 
middle panel of Figure 2-8(c) represents, the intensity at a single Se-vacancy (VSe) is 
approximately half of the intensity at a chalcogen site that is occupied by two Se atoms, 
and the intensity at a double-Se vacancy (V2Se) drops to the background level because there 
is no Se atom at such atomic sites. Using this criterion, we analyzed STEM images and 
concluded that the VSe vacancy is the dominant defect type in both CVD-grown and 
exfoliated MoSe2 films. In addition to VSe vacancies, CVD-grown MoSe2 films also host 
V2Se vacancies at a relatively lower density. We note that our CVD-grown and exfoliated 
films did not host any extended defects such as mirror twin boundaries that are frequently 
observed in films grown by molecular-beam epitaxy. [31] 
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Figure 2-8: STEM analysis of Se vacancies. (a, b) High-resolution STEM images of 
representative CVD-grown and exfoliated MoSe2 monolayers, respectively. Red and 
yellow circles mark Mo and Se2 atomic sites, respectively. (c) Intensity profiles across the 
atomic lines highlighted in (a) and (b). Identical color codes are used in panels (a-c).  Using 
the intensity profile (left profile), the Mo sub-lattice can be distinguished from the Se2 sub-
lattice (Mo-Se2 distance: ~ 1.94 Å). Accordingly, deviation from the reference intensities 
is used to identify vacancies on CVD-grown (middle profile) and exfoliated (right profile) 
MoSe2 samples. Scale bars represent 2 nm. 
Using the above approach, we can count the number of VSe and V2Se vacancies across 
an imaged area and estimate the areal density of vacancies in CVD-grown and exfoliated 
films. Inspecting several samples from each MoSe2 type revealed that the average density 
of VSe vacancies in CVD-grown and exfoliated films are ~ 1.23×10
6 µm-2 and ~ 0.42×106 
µm-2, respectively. We also estimated the density of V2Se vacancies in CVD-grown 
monolayers to be ~ 0.11×106 µm-2. These areal vacancy densities translate into 7.83% and 
2.17% Se deficiencies in CVD-grown and exfoliated monolayers, respectively, showing 
that the Se deficiency in CVD-grown films is more than three times larger than that in 
exfoliated monolayers. Since our alloying approach relies on replacing Se atoms by S 
atoms, the unoccupied Se sites (i.e., Se vacancies) in starting MoSe2 crystals may serve as 
atomic sites from which S atoms enter the MoSe2 lattice. Thus, we speculate that the 
presence of Se vacancies lowers the barrier for the chalcogen substitution, facilitating the 
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alloying process. Accordingly, the sulfurization of CVD-grown MoSe2 films with abundant 
Se vacancies results in MoS2xSe2(1-x) alloys with x values larger than that in exfoliated 
samples with fewer native Se vacancies.  
To obtain further insight into the vacancy-mediated alloying mechanism, we 
performed density-functional theory (DFT) calculations. In our DFT studies, we consider 
that S atoms enter the host lattice of MoSe2 via occupying the pre-existing vacancy sites, 
meaning that vacancies serve as niches from which the alloying process initiates and further 
spreads throughout the lattice. However, since the Se deficiency in host MoSe2 monolayers 
is limited to 7.83%, a sustainable vacancy-mediated alloying process needs an excess 
generation of Se vacancies after the pre-existing vacancies are infiltrated by S atoms. Our 
calculations show that the energy barrier for the generation of Se vacancies is larger than 
the provided thermal energy (i.e., (KT)max ≈ 0.12 eV @ 950 
oC) during our high-
temperature alloying processes, suggesting that the thermal desorption of Se atoms is 
unlikely. Instead, our DFT calculations suggest that the infiltration of pre-existing 
vacancies by S atoms might release enough energy to overcome the energy barrier for 
producing additional Se vacancies in nearby sites. Therefore, a steady chalcogen 
substitution can be sustained beyond the density of pre-existing vacancies. 
As demonstrated in PL maps (Figure 2-1(g) and Figure 2-6(d)), our sulfurization 
process yields MoS2xSe2(1-x) alloys with spatially uniform compositions across the whole 
plane of the 2D material, suggesting that a diffusion process assists the uniform distribution 
of S atoms within the plane of host MoSe2 monolayers. To computationally study this 
phenomenon, we considered a two-step process in which a sulfur binds to a Se-vacancy 
site and then diffuses throughout the layer via exchanging position with Se vacancies. To 
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estimate an energy barrier for this process, we performed nudged elastic band (NEB) 
calculations using DFT calculations (see Methods for computational details). In a 4-
formula unit (f.u.) cell of monolayer MoSe2, we replace one Se atom with one S atom, and 
removed a neighboring Se atom to create the vacancy to form Mo4Se6S. The computation 
of the diffusion barrier involves four intermediate NEB steps in the exchange of the Se 
vacancy and S atom positions, as shown in Figure 2-9(a). We compute a 1.75 eV NEB 
barrier for this process, as shown in Figure 6(b). Using this barrier, we can compute a 
temperature-dependent sulfur hopping rate (i.e., 𝜗) assuming an Arrhenius behavior; 𝜗 =
 𝜗0 exp(−∆𝐸/𝐾𝐵𝑇), where we take 𝜗0 = 3 THz, and  ∆𝐸 = 1.75 eV is the barrier height 
obtained from the NEB calculations (i.e., Figure 2-9(b)). In this equation, KB and T 
represent the Boltzmann constant and temperature, respectively. The plot of the 
temperature dependence of the hopping rate is shown in Figure 2-9(c). At temperatures 
around 1000 K, close to our experimental condition, the hopping rate is approximately 
4000 hops/second. Thus, considering the typical S-Se vacancy distance of 3 Å and 
assuming a random walk diffusion, annealing at 1000 K leads to less than 20nm/sec lateral 
diffusion within the plane of the host MoSe2 lattice. This estimation indicates that S atoms 
could be diffusing through the crystal, but the diffusion length is not long enough to allow 
for the widespread sulfurization from a single vacancy site. Thus, a higher vacancy 
concentration throughout the sample could enhance the incorporation of S into Se vacancy 
sites and then subsequent diffusion of S atoms, leading to the nearly complete sulfurization 
of the sample at elevated temperatures. 
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Figure 2-9: DFT calculation of the vacancy-mediated diffusion. (a) The top view of 
four intermediate stages used in the NEB calculation of a S atom exchanging places with a 
Se vacancy. In the 4-formula unit cell of MoSe2, we replace one Se atom by S and remove 
a neighboring Se atom to create the vacancy to form Mo4Se6S. Purple, green, and yellow 
colors represent Mo, Se, and S, respectively. (b) The NEB energy barrier computed for the 
exchange of a S atom with a Se vacancy, as shown in the path illustrated in panel (a). 
Symbols represent computed values, and the line represents a quadratic fit to data points. 
(c) The temperature-dependent hopping rate computed using the 1.75 eV barrier height 
shown in panel (b). 
I note that, in addition to Se vacancies, other types of defects such as edge sites (in 
both CVD-grown and exfoliated films) and nano-scale pinholes (mostly in CVD-grown 
samples) may also serve as alternative channels for the incorporation of S atoms into the 
MoSe2 lattice. However, considering the short diffusion length of S atoms, we believe that 
such alternative channels play secondary roles in the alloying process. In fact, S atoms that 
enter the host MoSe2 lattice via the edge sites can diffuse to only a short distance from the 
edges. Thus, the role of edge sites is restricted to a confined region close to the periphery 
of relatively large MoSe2 films. Similarly, nano-scale pinholes appear at a very low density 
with a sparse distribution, implying that only a small fraction of the large MoSe2 plane can 
be affected by the S atoms that enter the lattice through the pinholes.  Therefore, we believe 
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that the randomly distributed Se vacancies are dominant sites for the incorporation of S 
atoms into the MoSe2 lattice. In addition, because of the dense distribution of vacancies, 
the typical inter-vacancy distance is shorter than the estimated diffusion length, which 
enables the uniform alloying of the entire MoSe2 plane through Se vacancies. 
I also note that all periodic DFT calculations were performed with the Vienna Ab-
initio Simulation Package (VASP) version 5.3.5. The calculations use the projector 
augmented-wave method, [32] and the electron exchange-correlation interaction was 
treated by the generalized gradient approximation (GGA) functional of Perdew, Burke, and 
Ernzerhof (PBE). A kinetic energy cutoff of 600 eV for the plane-wave basis set was used 
for structure relaxations. All atomic structures and in-plane lattice constants were relaxed 
using the conjugate gradient algorithm. The convergence thresholds for ionic and 
electronic relaxations were 10-5 eV per a 4 f.u. cell. The NEB calculations used 4 
intermediate images with an energy cutoff of 400 eV. The initial and final NEB images 
were taken from relaxed structures. All calculations used an 8×8×1 Monkhorst-Pack k-
mesh centered around k = Г = (0, 0, 0). The unit cells all used a minimum of 15 Å of 
vacuum space to prevent interaction between periodic cell repeats, as well as a Gaussian 
electronic energy distribution smearing. 
I also note that the 𝜗0 = 3 THz parameter is related to the vibrational frequency along 
the diffusion path. Because of the complex framework of our experiments at atomic scales, 
obtaining an accurate value for ϑ0 is very difficult. However, the vibrational modes of 
alloys monitored by the Raman spectroscopy can provide a reasonable estimate about this 
value. In this regard, since the diffusion of vacancies occurs within the plane of the 2D 
material, we considered “in-plane” vibrational modes to obtain an estimated value.  
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CHAPTER 3. ALLOYING-INDUCED STRAIN: ORIGIN AND 
STRUCTURAL IMAPCT 
 Phenomenologically, the optoelectronic properties of alloys are entangled with a 
strain that is intrinsic to synthesis processes. In this chapter, I discuss the formation of an 
unprecedented biaxial strain that stems from the chalcogen substitution in monolayer TMD 
alloys, inflicting in-plane fractures within the plane of yielded monolayer crystals. We find 
that the starting crystal (MoSe2) fails to adjust its lattice constant as the chalcogen atoms 
of the host crystal (i.e., Se) are replaced by foreign atoms (i.e., S) during the post-growth 
alloying process. Thus, the resulting alloy forms a stretched lattice and experiences a large 
biaxial tensile strain. Our experiments show that the biaxial strain relaxes via the formation 
of cracks in interior crystal domains or through less constraint bounds at the edges of 
monolayer alloys. Griffith’s criterion suggests that the existence of defects combined with 
a sulfur-rich environment have the potential to significantly lower the critical strain level 
at which cracking occurs. Our calculations demonstrate a substantial reduction in the 
fracture-inducing critical strain from 11% (in standard TMD crystals) to a range below 4% 
in as-synthesized alloys. 
3.1 Structural Fracture of MoS2xSe2(1-x) Alloys 
To gain more insight into the structural properties of the sulfurized 2D films, we 
studied the morphology of alloys using scanning electron microscopy (SEM). We first start 
with alloys with x ≈ 1, that is MoS2 films synthesized from the full substitution of Se atoms 
by S atoms in starting monolayer MoSe2 films.  As shown in Figure 3-1, we simultaneously 
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identify three types of morphologies across the samples: (i) entirely continuous (Figure 
3-1(a)-(c)), (ii) entirely cracked (Figure 3-1(d)-(f)), and (iii) partially cracked (Figure 
3-1(g)-(i)) films. The SEM inspection of multiple independently converted samples 
consistently confirms that more than ~ 90% of converted MoS2 monolayers are entirely 
cracked and the rest are mostly continuous, with only a few partially cracked flakes on each 
sample. It is worth noting that prior to the conversion step, the pristine MoSe2 crystals are 
all continuous and cracks form only after the sulfurization process.  
We believe that the observed cracks stem from an induced strain that might originate 
from two sources: (i) the substitution of Se atoms by S atoms, and/or (ii) the thermal-
expansion-coefficient mismatch between 2D materials and the underlying SiO2 substrate. 
To distinguish between these two sources, we repeated our standard conversion process 
with no sulfur load so that monolayer crystals experience similar thermal treatment while 
no composition change occurs. In this experiment, to account for the state of the monolayer 
crystal at the beginning (MoSe2) and the end (MoS2) of the conversion process, we 
simultaneously anneal CVD-grown monolayer MoSe2 and MoS2 samples.  Our SEM 
inspections did not show any formation of cracks in the as-treated samples.  Therefore, we 
conclude that the mismatch of thermal-expansion coefficients does not play a primary role, 
and the composition-modulation event governs the formation of cracks. However, 
analogous to previous reports, [1, 2] we observed that high-temperature annealing 
generates rather straight corrosion lines at the boundaries of crystal domains, some of 
which are marked by arrows in Figure 3-1.  Such corrosion lines should not be mistaken 




Figure 3-1: Crack formation in sulfurized films. SEM inspection identifies three 
different types of morphologies: (a-c) entirely continuous, (d-f) entirely cracked, and (g-i) 
partially cracked flakes. All the SEM images are collected from one sample after full 
conversion of the MoSe2 monolayer crystals to MoS2. Arrows point to the corrosion lines 
along the boundaries of the crystal domains. The effect of the conversion degree (i.e., ‘x’ 
in MoS2xSe2(1-x)) is elaborated via comparing the crack propagation path in (j) a fully 
converted MoSe2 crystal (i.e., x ≈ 1) and in (k) a partially converted film (with x ≈ 0.5). 
The inset of panel (k) highlights the zigzag path as the most energetically favorable 
direction for crack propagation in partially converted sample. Scale bars in (j), (k), and the 
inset of pane (k) are 500 nm, 2 µm, and 300 nm, respectively. 
To further confirm the dominant role of chalcogen substitution in cracking of 
MoS2xSe2(1-x) alloys, we cover parts of the starting MoSe2 films with a 50 nm-thick SiO2 
film and then repeat our sulfurization process using these samples. The SEM images of the 
as-prepared samples “after” the sulfurization process (950 oC for 15 mins) is presented in 
Figure 3-2. Interestingly, this experiment proves that the cracking is restricted to the 
unprotected regions, where the alloying occurs, while the protected regions underneath the 
SiO2 layers remain seamless and free of cracks. This observation clearly verifies that 
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alloying-induced strain is the source of the crack formation and competing mechanisms 
such as interfacial strain at the MoS2-MoSe2 interface and or thermal-expansion-coefficient 
mismatch are not playing primary roles. A similar conclusion can be obtained in 
periodically patterned samples as shown in Figure 3-2(b) and (c).  
 
Figure 3-2: Cracking in pattered structures. (a) The SEM image of a triangular film, 
which its lower half is protected with 50 nm SiO2. As shown in the inset images, cracks 
only form in the unprotected regions, where the alloying occurs. (b) Similar observation is 
made via periodic construction of the SiO2 protection mask, which verifies the results 
observed in (a). (c) A closer look at the sample shown in (b). (d) The SEM image of a 
cracked 2D material covered with a 50 nm SiO2 layer. Observation of the cracks in this 
sample shows that 50 nm SiO2 film is transparent under the SEM microscope.  
It is important to note that the 50 nm-thick SiO2 protecting layer is transparent under 
the SEM microscope as the extent of the 2D material (e.g., insets of Figure 3-2(a)) or pre-
existing scratches in 2D materials (e.g., the arrow in Figure 3-2(b)) are completely 
observable through the SiO2 protecting film. However, to further confirm the transparency 
of the 50 nm-thick SiO2 film, we first convert a MoSe2 film into MoS2 using a sulfurization 
step and then cover the sample with a 50 nm SiO2 film. The obtained SEM images of the 
such a sample (Figure 3-2(d)) clearly shows that the cracks can be seen through the SiO2 
layer, which explicitly proves the transparency of the SiO2 layer. Therefore, the observation 
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of seamless regions under SiO2 in Figure 3-2(a)-(c) is not an artifact of the SiO2 layer 
blocking the details of 2D material underneath it.  
Examination of sulfurized samples reveals an important trend: cracks consistently 
branch out of Y-shaped (triple) junctions or from the edge of monolayer crystals (e.g., see 
Figure 3-1(d)). This observation suggests the existence of specific crack nucleation sites 
and preferential crystallographic directions over which cracks spread within the plane of 
monolayer crystals. Given that the origin of the strain is composition conversion, we think 
that unsaturated bonds (at the edges) or defect sites (within the interior domains of the film) 
serve as local sites at which the incorporation of S atoms into the lattice of MoSe2 is 
initiated. A similar contribution of defect sites in the formation of cracks and Y-shaped 
branching behavior has been recorded in TMD [3] films subjected to biaxial strain. 
The propagation path of cracks between Y-shaped junctions carries valuable 
information regarding conversion-induced strain. In the determination of the crack 
propagation path, the spatial distribution of the strain field at the tip of a propagating crack 
is a key factor.  In addition, the Van der Waals interaction of monolayer crystals with the 
substrate provides a medium for the strain fields of individual cracks to mutually interact, 
defining a net propagation path between the Y-shaped junctions. Theoretical modeling 
based on molecular dynamics [4] and classical fracture mechanics [3] are effective for the 
qualitative prediction of the crack propagation path in monolayer MoS2 crystals under 
biaxial strain. In these models, the strain field is assumed to extend to a critical radius of 
(rc) from the tip of the propagating cracks. As schematically shown in Figure 3-3, cracks 
propagate between two individual Y-shaped junctions via a curved or straight path if rc is 
a large or small value, respectively. To change the rc value, we change the relative strength 
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of the strain by means of varying the composition ratio, x, in MoSe2xS2(1-x) alloys in which 
increasing x monotonically increases the biaxial strain. Thus, we prepare two sets of 
samples: (i) a fully converted crystal (Figure 3-1(j)) with x = 1 (i.e., large strain and large 
rc) and (ii) a partially converted crystal (Figure 3-1(k)) with x ≈ 0.5 (i.e., small strain and 
small rc). A comparison of the SEM images of these samples shows that our experimental 
observations match the theoretical modeling; that is, in the fully converted sample, cracks 
mostly propagate via curved paths while in the partially converted sample, cracks obtain 
straight propagation paths (Figure 3-1(k)). Furthermore, in the partially converted sample, 
cracks mostly form hexagonal domains and propagate along zigzag directions (the inset of 
Figure 3-1(k)). This observation is also in agreement with molecular dynamics predictions, 
which identify the zigzag direction as the most feasible propagation path with a minimum 
surface energy. [4] Therefore, the structural analysis solidifies our assumption about the 
primary role of the conversion process (i.e., substitution of Se atoms by S atoms) in the 
creation of the biaxial strain and the formation of cracks in compositionally modulated 
monolayer alloys. 
 
Figure 3-3: Prediction of the crack propagation path. Schematic representation shows 
the net propagation path upon interaction of two approaching cracks (i.e., cracks 1 & 2). 
Details of this modelling can be found in Ref. [5]. The strain field is assumed to extend to 
a distance rc from the tip of an individual crack. Upon increasing rc, the resulting pathway 
changes from a straight line to a curved one.  
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3.2 Quantitative Analysis of Alloying-Induced Strain  
To quantitatively study the alloying-induced strain in sulfurized samples, we carry out 
PL spectroscopy, in which probing the optical bandgap provides direct information about 
the type (tensile/compressive) and the strength of the strain. [6-9] To magnify the the effect, 
we used a MoS2xSe2(1-x) alloy with x ≈ 1, that is a “converted” MoS2 film in which the 
highest strain level is anticipated. In addition, we focus on partially cracked flakes (Figure 
3-4(a), (b)) in which a direct comparison between the emission spectra of cracked and 
continuous regions is possible within a single film. Mapping the emission energy at the 
maximum PL intensity (Figure 3-4(c)) indicates that compared to cracked regions, the 
continuous (i.e., crack-free) regions emit light at lower energies. We also observe a 
significant drop in the intensity of the light emission in continuous regions (Figure 3-4(d)). 
These two distinctions can be concurrently observed in the representative PL spectra of 
cracked and continuous films as displayed in Figure 3-4(e).  
Since the PL spectra of cracked regions match the standard emission spectrum of a 
pristine CVD-grown MoS2 film, we denote the cracked regions as the strain-free parts. 
Accordingly, the reduction of the optical bandgap and the drop in the emission intensity 
are taken as indications of a biaxial tensile strain that acts on continuous regions. [9, 10] 
Thus, our study suggests that the formation of cracks in TMD alloys stems from a biaxial 
strain that is intrinsically linked to the chalcogen replacement during the sulfurization 
process. Indeed, the host MoSe2 fails to adjust its lattice constant according to the 
composition of the alloy, leading to the development of a biaxial tensile strain in the alloy.  
Such strain results in the onset of fracture in monolayer alloys and further relaxes via the 
formation of cracks within the plane of the 2D material. 
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Figure 3-4: Strain relaxation via formation of cracks. (a) SEM and (b) optical images 
of a fully converted MoS2 monolayer that is partially cracked. (c) Spatial mapping showing 
the PL energy at maximum PL intensity. The color bar depicts the energy span. (d) Spatial 
mapping of the PL intensity in which the continuous regions display low emission 
intensity. The normalized color bar represents the PL intensity integrated over 1.6-2.0 eV. 
(e) Representative PL spectra obtained from the cracked and continuous regions. Scale bars 
in (a)-(d) are 5 µm. 
Several groups have investigated the effect of biaxial tensile strain on the MoS2 
bandgap, and a reduction of ~100 meV per one percent (%) of strain is the most commonly 
reported value. [9, 10] Therefore, the bandgap reduction of 120 ± 20 meV (extracted from 
Figure 3-4(c)) reflects a 1.2 ± 0.2 % biaxial tensile strain that acts on continuous regions. 
However, the expected scale of alloying-induced strain in MoS2xSe2(1-x) monolayers is less 
than ~ 4% (see below for details), which is noticeably smaller than the reported 11% strain 
threshold for inducing fracture in TMD crystals. [11] Thus, cracking at such a small strain 
regime implies that the fracture strength of monolayer crystals is reduced by an extrinsic 
effect that seems to influence CVD-grown samples more than the exfoliated ones. Several 
studies have shown that crystal imperfections such as point defects (i.e., atomic-scale 
defects), large defects (e.g., pre-existing cracks), and grain boundaries significantly 
deteriorate the mechanical strength of 2D materials. [35-37] Among these types of defects, 
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large-scale defects and grain boundaries are shown to have the most deteriorating effect on 
various 2D materials including TMDs [14, 15] and graphene. [13] However, as we saw in 
Figure 3-1(d), the cracking phenomenon occurs in CVD-grown MoSe2 samples with even 
only one crystallographic domain (i.e., no grain boundaries). Such an observation suggests 
that pre-existing large-scale defects in the starting MoSe2 films are the predominant factor 
in reducing the strength of 2D TMDs in our study. 
To evaluate the role of pre-existing large-scale defects in the fracture of the as-
synthesized MoS2xSe2(1-x) alloys, we rely on the Griffith criterion. In this widely-used 
method, [15, 16] the critical strain, 𝜀𝑐, (i.e., strain at which the crystal fractures) is 
expressed in terms of the defect length (2𝑙), the surface energy density (𝛾), and the Young’s 
modulus of the 2D material (Ε); that is 𝜀𝑐 = √2𝛾 𝜋Ε𝑙⁄ . On the other hand, alloying-induced 
strain (𝜀(𝑥)𝑎𝑙𝑙𝑜𝑦) can be estimated from the mismatch between the lattice constant of the 
starting MoSe2 film (𝑎𝑀𝑜𝑆𝑒2) and that of the resulting MoS2xSe2(1-x) alloy (𝑎(𝑥)𝑎𝑙𝑙𝑜𝑦), that 
is: 






 ≈ 0.039𝑥 (2) 
Thus, if 𝜀(𝑥)𝑎𝑙𝑙𝑜𝑦 exceeds 𝜀𝑐 (i.e., 𝜀(𝑥)𝑎𝑙𝑙𝑜𝑦 > 𝜀𝑐), the sulfurization process yields cracked 
MoS2xSe2(1-x) crystals. This simple approach provides an estimate about the minimum 
length of defects sizes (i.e., 2𝑙𝑚𝑖𝑛) in starting MoSe2 films:   
 





Equations (2) and (3) are plotted as functions of x in Figure 3-5. Using Figure 3-5, we can 
estimate a minimum defect size (in starting MoSe2 crystals) that causes the cracking of 
MoS2xSe2(1-x) alloys under the alloying-induced strain of 𝜀(𝑥)𝑎𝑙𝑙𝑜𝑦. For example, the 
observation of cracks in MoS2(0.45)Se2(1-0.45) (as in Figure 2-1(i)) indicates that the starting 
MoSe2 film contained defects with sizes larger than 2𝑙𝑚𝑖𝑛 ≈ 15 nm, which caused the 
fracture of the alloy at a strain level as small as 𝜀(𝑥 = 0.45)𝑎𝑙𝑙𝑜𝑦 ≈ 1.75%. 
 
Figure 3-5: Estimating the defect size using the Griffith method. The alloying-induced 
strain (right axis, equation. (1)) and the minimum defect length (left axis, equation (2)) are 
plotted versus x. To estimate the length of defects (i.e., 2l), we used 𝜸 = 0.928 Joul/m2 (see 
SI for details) and E = 177 GPa and 270 GPa, corresponding to the Young’s moduli of 
MoSe2 and MoS2, respectively. These two values cover the full span of x ranging from 0 
(i.e., MoSe2) to 1 (i.e., MoS2). The highlighted region marks 2l < 10 nm, over which the 
Griffith method overestimates the strength of a defective 2D material. 
Following the insights provided by the Griffith method, we used the atomic-force 
microscopy (AFM) to inspect large-scale defects in several CVD-grown and exfoliated 
MoSe2 films (Figure 3-6). Our analyses revealed that, unlike exfoliated films, CVD-grown 
MoSe2 films contain large-scale defects with sizes typically ranging from several 
nanometers (nm) to ~ 100 nm. Based on Figure 3-5, such a span of the defect size can cause 
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cracking under alloying-induced strain values as small as ~ 0.8%, corresponding to 
MoS2xSe2(1-x) alloys with composition ratios as small as x ≈ 0.2. Therefore, we conclude 
that the presence of large-scale defects in the form of pre-existing cracks in CVD-grown 
MoSe2 films contributes to the formation of cracked alloys (e.g., Figure 3-1), and the 
absence of such defects in exfoliated crystals yields seamless alloys without any cracks 
(i.e., Figure 2-6). I note that the three different cracking morphologies (shown in Figure 
3-1) can be attributed to the non-uniform distribution of the size/density of pre-existing 
defects within starting MoSe2 crystals. In other words, only regions with a large 
size/density of pre-existing defects experience cracking, and defect-free regions remain 
seamless after the sulfurization step. Details of our findings in this chapter is presented in 
References 21-23. 
 
Figure 3-6: AFM imaging of CVD-grown/exfoliated MoSe2 monolayers. AFM images 
of (a) CVD-grown and (b) exfoliated MoSe2 films before the sulfurization process. The 
CVD-grown films contain large-scale defects (i.e., pre-existing cracks) with sizes ranging 
from several nanometers to 100 nm, while the exfoliated sample demonstrates a seamless 
film with no large-scale defects. We note that observed textures on the exfoliated sample 
are wrinkles and folds generated during the sample preparation and should not be mistaken 
for pre-existing cracks. The inset of panel (b) displays the extent of the exfoliated film. 
3.3 Control Experiments 
In addition to the chalcogen-substitution, other mechanisms may also contribute to the 
formation of the underlying strain that leads to the fracture of the 2D alloys synthesized 
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via the post-growth sulfurization of MoSe2. Moreover, the interpretation of the results that 
were discussed in previous parts of this chapter may also be based on alternative 
mechanisms rather than strain. In this section, I list the most probable effects and study 
them via relevant control experiment.  
3.3.1 Mismatch of Thermal-Expansion Coefficients 
Thermal-expansion coefficients for MoS2, MoSe2, and SiO2 are 8.7×10
-6 oC-1, [17] 
1.3×10-5 oC-1, [17] and 5.6×10-7 oC-1, [18] respectively. Despite the mismatch in thermal-
expansion coefficients, Zheng Liu et. al [19] have shown that SiO2 is not stiff enough to 
apply a large amount of thermal strain on the MoS2, which is due to the significantly 
smaller Young’s modulus of SiO2 (66 GPa)
 [18] compared to that of the 2D material (177-
270 GPa). [20] In addition, we transferred MoSe2 monolayer onto other substrates such as 
monolayer hexagonal boron nitride (hBN) and then sulfurized the sample. As shown in 
Figure 3-7, the sulfurized sample are cracked again, meaning that the substrate is not a 
major player in the cracking of 2D films. 
 
Figure 3-7: Effect of the substrate on the alloying-induced cracking. (a) The optical 
image of MoSe2 monolayers transferred on a monolayer hBN/SiO2 substrate (i.e., the 
region to the left of the yellow line). (b) The SEM image of the same region shown in panel 
(a). The solid line marks the boundary of the hBN layer underneath MoSe2 monolayers. (c) 
The magnified SEM image of the MoSe2 film marked in panel (b). (d) The magnified SEM 
image taken from the region marked in (c), which shows that the sulfurization of MoSe2 
transferred on hBN yields a cracked alloy film, similar to our observations on the SiO2 
substrate. Scale bars in (a)-(d) represent, 50 µm, 50 µm, 10 µm, and 2µm, respectively. 
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3.3.2 Effect of Material Oxidation 
Oxidation of the 2D materials, mostly at the crystal grain boundaries, can affect the 
PL of TMD films. [15] This effect may also be a part of the PL changes observed in Figure 
3-4. However, I argue that possible oxidation at the edges of cracks does not significantly 
contribute into differences observed in the PL spectra collected from cracked and 
continuous regions. In fact, our observed shift in the PL peak position of MoS2 films upon 
cracking is up to 140 meV, which is beyond the capacity of oxidation (i.e., ~20 meV) [15] 
for changing the emission spectrum of cracked MoS2 regions. Thus, the contribution of 
material oxidation is not significant in our study. We also note that oxidative etching causes 
cracking only at the grain boundaries, while we see cracking even inside of crystal 
domains. In addition, for oxidative etching, annealing needs to be performed in the 
presence of an abundant oxygen content (e.g., in air), while our experiments are performed 
under a relatively high vacuum with a trace oxygen content. 
3.3.3 Heterogeneous Spatial Composition 
The optical properties of 2D TMDs are influenced by variations in the chemical 
composition of crystals, [16] which raises the question about the role of possible 
composition heterogeneities in different PL spectra obtained from cracked and continuous 
regions. Thus, to map out the elemental composition of the cracked and continuous regions, 
we carry out time-of-flight secondary-ion mass spectroscopy (ToF-SIMS) with an SEM-
level visualization capability and a sub-micron lateral resolution. For this study, we identify 
a region of the converted sample that contains continuous and cracked films (Figure 3-8(a)) 
and then characterize it using the PL spectroscopy (Figure 3-8(b)) prior to ToF-SIMS 
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experiments. As illustrated in Figure 3-8(b), continuous regions emit light at lower energies 
and display a lower PL intensity, which is consistent with our measurements in Figure 3-4. 
In ToF-SIMS experiments, we probe (i) Mo, (ii) S, and (iii) Se ions in positive (Figure 
3-8(c)) and negative (Figure 3-8(d)) scans (positive/negative refers to the polarity of the 
ions). Elemental maps in Figure 3-8(c)-(i) and Figure 3-8(d)-(ii) demonstrate the 
homogeneous incorporation of Mo and S atoms in both cracked and continuous regions of 
the converted crystals, respectively. This observation rules out non-homogeneous 
composition conversion as a significant contributor to different PL spectra collected from 
cracked and continuous crystals. Moreover, the absence of Se atoms in positive (Figure 
3-8(c)-(iii)) and negative (Figure 3-8(d)-(iii)) scans reflects the complete conversion of the 
MoSe2 crystals to MoS2 (within the limits of the experimental measurements). It is worth 
noting that ToF-SIMS spectroscopy provides a qualitative analysis of the elemental 
composition rather than a stoichiometric-level analysis. This is due to the difficulties of 
preparing standard calibration samples to serve as benchmarks for estimating the precise 
stoichiometry of the sample under test.  However, our qualitative analysis in Figure 3-8 
remains reliable as far as the “relative” presence of the elements in cracked and continuous 
regions is concerned. However, the similarity of the emission spectra obtained from the 
cracked regions to those obtained from CVD-grown samples implies a complete or near-
complete stoichiometric composition of the converted MoS2 monolayer crystals.  It is 
worth noting that X-ray photoelectron spectroscopy (XPS) has not been used here for two 
major reasons. First, visualization in XPS (and generally X-ray systems) is not sufficiently 
advanced to differentiate between cracked and continuous regions in a randomly 
distributed array of converted MoS2 crystals. We note that optical imaging (used in XPS) 
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does not distinguish the cracked regions from the continuous ones (e.g., see Figure 3-4(b)). 
Second, the X-ray beam cannot be well focused on a small spot; thus, XPS provides a 
relatively low lateral resolution. 
 
Figure 3-8: Elemental analysis of converted MoS2 crystals using ToF-SIMS. (a) An 
SEM image of converted MoS2 crystals in which cracked (the bottom) and continuous 
(three top) triangular films coexist. The inset illustrates a highly magnified image of the 
region marked by the square.  (b) PL spectra obtained from several points of the MoS2 
crystals as marked on the optical image in the inset. The PL spectra of the continuous 
regions (points 3, 4, and 5) sit on the red side of the spectrum and demonstrate low emission 
intensities. (c, d) Elemental mapping of the converted MoS2 using ToF-SIMS operated in 
positive and negative modes, respectively. In both modes, investigated ions are (i) 
molybdenum (Mo), (ii) sulfur (S), and (iii) selenium (Se). The absence of the Se ions in 
positive and negative scans confirms that the pristine MoSe2 crystals are fully converted to 
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CHAPTER 4. SYNTHESIS OF LATERAL 
HETEROSTRUCTURES VIA POST-GROWTH ALLOYING 
 Heterostructures (HSs) of transition-metal dichalcogenides hold promising 
potentials for a realm of applications that are complementary to those offered by 
established III-V material platforms. First, the van der Waals interaction of two-
dimensional (2D) TMDs in the out-of-plane direction lifts the lattice-matching constraint, 
which needs to be satisfied for the successful growth of III-V HSs. For instance, despite ~ 
20% lattice mismatch, the epitaxial growth of MoS2 layers on graphene substrates yields 
low-strain and rotationally commensurate HSs. [1] Therefore, TMD HSs can virtually be 
integrated on any substrate including flexible materials that are the holy grail of the 
emerging wearable devices. Second, the reduced dielectric screening and spatial 
confinement of carriers in an atomically thin plane enhance the Coulomb attraction 
between electrons and holes within the plane of 2D TMDs. Thus, the binding energy of 
excitons in TMDs can be as large as ~800 meV, [2] which is approximately two orders of 
magnitude larger than that in GaAs/AlGaAs HS quantum wells (~ 10 meV). [3] Therefore, 
the electro-optical modulation of excitonic emission/absorption with a far larger dynamic 
range (~ exciton binding energy) can be envisioned in TMD HSs. Third, the lifetime of 
radiative recombination in 2D TMDs (a few picoseconds) [4] is shorter than that in 
conventional GaAs/AlGaAs HSs (several hundreds of picoseconds), [5] which is a 
distinctive feature for the design of potentially faster and more efficient optical modulators 
and light emitters using TMD HSs.  
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Beyond their inherently unique properties, TMDs can be extensively engineered to 
better serve as building blocks for the realization of practical HS devices. For instance, the 
feasibility of synthesizing TMDs in both metallic and semiconducting phases allows for 
the implementation of all-2D-material device platforms in which the metallic and 
semiconducting phases can respectively serve as an electrical contact and active region. [6-
8] Moreover, the electronic bandgap of the semiconducting phase can be altered via the 
rational selection of transition metal (Mo, W, etc.) or chalcogen (S, Se, etc.) elements, 
providing a digital portfolio of materials for operation over a wide spectral range from 
visible to near-infrared regimes. [9] This digital portfolio can be turned into an analog one 
through the alloying of 2D TMDs, [10-14] a unique feature that enables the design of 2D 
materials with customized properties. Such a rich diversity of chemical compositions, 
material phases, and electronic bandgaps renders TMDs a self-sufficient family of 2D 
materials for the implementation of HS devices with complex functionalities. In this regard, 
vertical stacking or lateral stitching of heterogenous TMDs have been employed for the 
formation of vertical (i.e., out-of-plane) and lateral (i.e., in-plane) heterojunctions, 
respectively. [15-23]  
To put the promising potentials of TMD HSs into practice, advanced methods for the 
“engineerable” synthesis of high-quality HSs need to be established. Compared to vertical 
HSs with multiple established synthesis methods, the synthesis of lateral HSs has been far 
less developed and primarily realized by the edge-epitaxy method. [16, 17, 24] As we 
discussed in Error! Reference source not found., section1.2, in edge epitaxy the 
unsaturated edges of a pre-grown TMD lattice serves as an active growth front for the 
lateral “epitaxy” of a dissimilar TMD film. Because of the relatively similar lattice 
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constants of various TMDs, edge epitaxy often yields lateral HSs with abrupt and coherent 
interfaces. However, the geometrical parameters of HSs (e.g., shape and lateral 
dimensions) are strictly determined by the crystal orientation, lattice symmetry, and 
chirality of exposed edges. Therefore, only thermodynamically allowed configurations 
such as triangles or hexagons can be achieved, [25, 26] which are often not practical for 
real-world applications. In addition, the edge epitaxy fails to produce lateral HSs at 
intended locations, and therefore, junctions are randomly located across the growth 
substrate. The lack of control over the spatial morphology of TMD HSs limits the use of 
the edge-epitaxy in practical applications and calls for alternative approaches capable of 
realizing lateral junctions with engineerable attributes. 
In this chapter, I demonstrate that combining the post-growth alloying of monolayer 
TMDs (as discussed in CHAPTER 2) with lithographic patterning can provide the missing 
engineering degrees of freedom needed for the synthesis of lateral TMD HSs with arbitrary 
shapes and dimensions in pre-defined locations, a set of unique feature that no alternative 
can currently offer. Beside the full control over the morphology, our approach allows for 
the precise and continuous tuning of the bandgap energy on both sides of a heterojunction, 
an extra degree of freedom that enables customizing optoelectronic properties at the HS 
interface. In a representative demonstration, we employ monolayer films of MoSe2 and 
convert them into MoS2xSe2(1-x)-MoS2ySe2(1-y) lateral HSs in which optoelectronic 
properties of the engineered junctions are controllable by tuning x and y values. Using a 
systematic scanning transmission electron microscopy (STEM) analysis, we demonstrate 
that the post-growth alloying of monolayer MoSe2 films yields a randomly mixed Mo-S-
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Se compound, further supporting the feasibility of continuous bandgap tuning at the HS 
interface.  
4.1 Heterostructure Synthesis Protocol  
Our synthesis approach relies on converting monolayer TMD crystals into lateral HSs 
following a spatially controlled chalcogen substitution in pristine TMD monolayers. Figure 
4-1(a) schematically illustrates our fabrication scheme for the formation of a prototypical 
lateral junction between MoSe2 and MoS2 monolayers. We protect desired parts of a 
pristine MoSe2 monolayer by an inert mask that is assembled on top of the 2D material via 
standard lithography and deposition steps. Then, we anneal the sample in a sulfur (S) 
ambient to replace selenium (Se) atoms by S atoms in only exposed parts of the starting 
MoSe2 film, yielding a lateral heterojunction between MoSe2 (under protected regions) and 
MoS2 (in exposed regions). To experimentally demonstrate this protocol, we employ an e-
beam evaporated SiO2 layer as the protecting mask (Figure 4-1(b)) and then anneal the 
sample under sulfur vapor for 15 mins at 950 oC to enable the chalcogen swapping. Our 
experiments suggest that for complete protection, the thickness of the SiO2 mask should be 
at least 70 nm. 
Photoluminescence (PL) mapping of the sample before (Figure 4-1(c)) and after 
(Figure 4-1(d)) annealing confirms that the sulfurization of the patterned MoSe2 monolayer 
can successfully establish a lateral MoSe2-MoS2 HS. Indeed, the PL peak position at 680 
± 5 nm in sulfurized regions between SiO2 lines mimics that of a pristine MoS2 film, while 
the PL peak position at 820 ± 7 nm in the protected regions remains intact and identical to 
that of the starting MoSe2 film. Furthermore, as shown in Figure 4-1(e), representative PL 
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spectra obtained from the two sides of the junction exhibit standard excitonic emission 
expected from MoSe2 and MoS2 monolayers. Similar conclusions can be obtained from 
Raman mapping (Figure 4-1(f-h)) in which, after the sulfurization step, the out-of-plane 
A1g resonance of MoSe2 at 241 ± 0.2 cm
-1 disappears and the A1g mode of MoS2 at 408 ± 
0.5 cm-1 appears in exposed regions. In addition to the A1g mode, the representative Raman 
spectrum of sulfurized regions (Figure 4-1(i)) contains the in-plane Raman mode of MoS2 
(i.e., E12g mode) at 388 ± 0.5 cm
-1, which verifies that a high-quality lattice is established. 
Collectively, our Raman and PL studies substantiate that the chalcogen substitution is 
exclusive to the exposed regions of the starting MoSe2 film, and the employed sulfurization 
process does no harm to the protected parts of the monolayer film. We note that our HS-
synthesis approach is not limited to CVD-grown TMDs.  
 
Figure 4-1: Fabrication of MoSe2-MoS2 lateral HSs. (a) The schematic description of 
the HS synthesis protocol based on the sulfurization of patterned MoSe2 monolayers. (b) 
Optical image of a representative lateral HS. The thickness of the SiO2 mask is 70 nm. (c, 
d) The spatial profile of the PL peak position before and after sulfurization at 950 oC for 
15 mins, respectively. The emission wavelength in sulfurized and protected regions are 680 
± 5 nm and 820 ± 7 nm, respectively. In panel (c), the heterogeneities at the rim of the 
MoSe2 film is due to previously reported edge effects. [34] (e) Representative PL spectra 
of protected MoSe2 and converted MoS2 monolayers. (f, g) Mapping the intensity of the 
A1g Raman modes of MoSe2 at 241 cm
-1 and MoS2 at 408 cm
-1, respectively. (h) The 
overlay of the maps shown in panels (f) and (g), which displays the formation of MoSe2-
MoS2 lateral HSs. (i). Representative Raman spectra of protected MoSe2 and converted 
MoS2 monolayers. Scale bars in panels (b)-(d) represent 2 µm. 
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The integration of a lithography step with our employed sulfurization method enables 
the design of lateral TMD HSs with arbitrary shapes and dimensions in predefined 
locations, a set of features that no alternative approach can currently offer. In addition to 
the strip lines shown in Figure 4-1, we have presented examples of other geometries such 
as circular or any arbitrarily shaped (e.g., a smiley face) HSs in Figure 4-2. We note that 
such structures can be designed in cascaded arrangements for the realization of HSs with 
multiple junctions (e.g., Figure 4-1), all obtained in one straightforward sulfurization step. 
In contrast, the synthesis of multijunction configurations via alternative methods, such as 
edge-epitaxy, demands a complex system for the cyclic activation of different precursors 
for the sequential assembly of one TMD film on the edge of another dissimilar TMD film, 
[24]yet offering no systematic control over the spatial profile and lateral size of the 
obtained junctions. Thus, we believe that our approach provides the missing engineering 
element for potential fabrication of practical optoelectronic devices based on TMD HSs. 
 
Figure 4-2: Fabrication of HSs with arbitrary geometries. (a) The optical image of an 
array of lateral HSs with circular geometries. (b) PL mapping across the region outlined by 
the dashed box in panel (a). (c, d) The optical image and PL map of a lateral HS in the 
shape of a smiley face, respectively, which exemplifies the possibility of forming HSs with 
arbitrary shapes. Color bars represent the wavelength of maximum PL intensity. Samples 
were sulfurized at 950 oC for 15 mins. Scale bars represent 2 µm and 10 µm in panels (b) 
and (d), respectively. 
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I note that, the e-beam lithography enables formation of patterns with lateral 
dimensions down to ~ 10 nm. However, this limit should not be simply projected into 
achievable lateral dimensions in our developed HS protocol. In fact, we have noticed that 
narrow SiO2 lines cannot fully protect MoSe2 films, probably because the sulfur gas can 
penetrate underneath SiO2 masks. As a result, after the sulfurization process, the real size 
of remaining MoSe2 segments are smaller than the lithographically defined dimensions. To 
experimentally illustrate this effect, we patterned sub-micrometer (~ 800 nm) SiO2 masks 
on MoSe2 monolayers (Figure 4-3(a)) and sulfurized the sample at 950 
oC for 15 mins. As 
the Raman map in Figure 4-3(b) shows, in the protected regions, signatures of Mo-S bonds 
can be resolved, meaning that the sulfur gas penetrates underneath the narrow SiO2 lines 
and leads to the partial S-Se exchange. Our experiments show that SiO2 lines narrower than 
300 nm are fully permeable and a complete S-Se substation occurs underneath the SiO2 
masks. However, I do believe that there is no fundamental limitation for pushing the lateral 
dimensions down to the limits of lithography if alternative masking materials with less gas 
permeability are developed. 
 
Figure 4-3: Sulfur penetration underneath narrow SiO2 masks. (a) Optical image of a 
MoSe2 film patterned with ~800 nm-wide SiO2 lines and sulfurized at 950 
oC for 15 mins. 
(b) The Raman map across the dashed line shown in panel (a). The Raman spectra reveals 
the signature of Mo-S bonds under the protected region underneath the SiO2 line (i.e., the 
region between the dashed lines). 
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4.2 Bandgap Engineering in Lateral Heterostructures 
 
Figure 4-4: Tuning bandgap energies at the HS interface. (a) The schematic illustration 
of band alignments at the interface of an MoS2xSe2(1-x)-MoS2ySe2(1-y) HS with x < y. 
Independent modulation of x and y enables independent control of the bandgap energy (Eg) 
on either side of the junction. As a reference, the minimum of the conduction band (Ec) and 
the maximum of the valance band (Ev) are shown for MoS2 and MoSe2 compositions. (b) 
The schematic representation of steps taken for the realization of an (x, y)-HS with x < y. 
(c-e) PL maps of three HSs with various (x, y) combinations as marked on the panels. The 
patterned sulfurization was performed at 950 oC, 850 oC, and 750 oC for 15 mins on samples 
shown in panels (c), (d), and (e) respectively. The blanket sulfurization performed at 800 
oC for 5 min on sample shown in panel (e). 
The optoelectronic behavior of semiconducting HSs primarily depends on the 
alignment of energy bands at the interface, where the carrier exchange and charge transport 
are predominantly influenced. Thus, engineering the optoelectronic performance of most 
HS devices such as transistors, lasers, light-emitting diodes, and solar cells often needs the 
tuning of energy bands at the interface. Previous studies have shown that, unlike vertical 
HSs, the lateral HSs of TMDs obtain a type-I band alignment in which the band edges of 
the large-bandgap material (e.g., WSe2) straddle those of the small-bandgap material (e.g., 
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MoS2). [27, 28] Here, we demonstrate that bandgap energies can be independently tuned 
on either side of such a type-I heterojunction via controlling the degree of chalcogen 
substitution. We establish a junction between MoS2xSe2(1-x) and MoS2ySe2(1-y) alloys (x ≠ y, 
0 < x, y <1) in which the independent control of x and y enables bandgap modulation at 
the HS interface (Figure 4-4(a)). We refer to these HSs as (x, y)-HSs in the remaining parts 
of this paper. Such a tuning mechanism is well supported by previous ab initio calculations, 
which suggest that changing the alloy composition linearly modulates the conduction-band 
minimum and valance-band maximum, hence, leading to the linear modulation of the 
bandgap energy in Mo-S-Se alloys. [29. 30]  
As Figure 4-4(b) schematically displays, (x, y)-HSs can be realized via a three-step 
process: (i) the formation of the MoS2xSe2(1-x) alloy via a blanket sulfurization of the 
starting MoSe2 monolayer; (ii) the formation of SiO2 masks in desired parts of the 
MoS2xSe2(1-x) alloy; and (iii) the formation of the MoS2ySe2(1-y) side via a second 
sulfurization step for increasing the sulfur content from x to y in unmasked regions (y > x). 
To study the modulation of interface properties, we use PL mapping to probe the variation 
of the bandgap energy (Eg) across the interface of synthesized (x, y)-HSs with various (x, 
y) combinations. Figure 4-4(c, d) displays representative examples of (x, y)-HSs in which 
only one side of the junctions (i.e., the y side) are sulfurized, while the other side of the 
junction is kept intact at x = 0. According to the PL mapping, our strategy has led to the 
formation of (0, 1) and (0, 0.65) heterojunctions with the bandgap energies of (1.50 eV, 
1.82 eV) and (1.50 eV, 1.71 eV), respectively. 
The tuning of interfacial properties can be further extended to both sides of a lateral 
HS. As shown in a representative example in Figure 4-4(e), we first perform a blanket 
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sulfurization to establish an alloy with x ≈ 0.32, and then we fabricate the SiO2 mask and 
increase the sulfur content in unmasked regions to y ≈ 0.47 through the second sulfurization 
step. Accordingly, a (0.32, 0.47)-HS with bandgap energies of (1.60 eV, 1.65 eV) is 
created, a demonstration that showcases the possibility of modulating both sides of an 
interface via a controlled sulfurization process. In our approach, the bandgap on either side 
of the junction can be independently tuned within a ~320 meV energy range, covering any 
arbitrary energy between 1.5 eV (in MoSe2) and 1.82eV (in MoS2). We note that the 
composition of alloys can be set through changing the sulfurization temperature. We 
believe that our approach can be applied to other TMD pairs such as WSe2 (Eg ≈ 1.65 eV)-
WS2 (Eg ≈ 2.1 eV), which expands the diversity of bandgap energies that can be brought 
together at the interface of lateral TMD HSs. Here, I would like to note that the continuous 
tuning of the bandgap in lateral HSs stems from the random intermixing of S and Se 
elements during the sulfurization process. (see section 2.2 for details)  
 
Figure 4-5: Universality of HS synthesis approach. (a) A representative optical image 
of an exfoliated MoSe2 film converted into a lateral HS. The dashed line outlines the 
monolayer region. (b) Raman mapping across the arrow shown in panel (a). The 
observation of MoS2 Raman lines in exposed regions and those of MoSe2 in protected 
regions confirms the formation of a lateral HS in the exfoliated film. The Raman line of 
silicon (Si) serves as the reference in the Raman mapping. (c) Optical image of a WSe2 film 
patterned with and an array of 5 µm-wide SiO2 strips and sulfurized at ~1000 oC for 15 mins. (b) 
The PL map across the arrow shown in panel (c). The observation of WSe2 PL at ~ 755 nm in 
unmasked regions and WS2 at ~ 630 nm in the masked region confirms the formation of WSe2-WS2 
lateral HSs. 
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Synthesis of lateral HS using our developed post-growth alloying method is not 
limited to the CVD-grown films and any type of starting material such as exfoliated MoSe2 
also fits into our synthesis protocol. As we have shown in a representative example in 
Figure 4-5 (a), SiO2 protection masks are pattered on an exfoliated MoSe2 monolayer and 
then sulfurized at 950 oC for 15 to enable Se-Se atomic exchange. Raman mapping (Figure 
4-5(b)) across a SiO2 line directly confirms the formation of MoS2-MoSe2 lateral junctions 
in an exfoliated monolayer film. More importantly, lateral junctions can be established 
between dissimilar TMD films other than MoS2 and MoSe2. As we have shown in an 
example in Figure 4-5(c, d), using the similar lithographically generated SiO2 masks and 
subsequent sulfurization, monolayer WSe2 crystals can be converted into later WSe2-WS2 
lateral junction. Thus, we conclude that our developed methodology is not constrained to 
any specific type or composition of the starting binary films and can be universally used 
for the formation of lateral junctions between various monolayer TMD films with virtually 
any synthesis root. 
4.3 Electrical Characterization of Lateral HSs 
Finally, we study the field-effect response of the as-synthesized lateral HSs via the 
fabrication of an electrical device that is schematically depicted in Figure 4-6(a). In our 
device architecture, two metal contacts (Au/Ti: 60/20 nm) are deposited on the two sides 
of the MoSe2 region (i.e., the protected region) so that a MoS2xSe2(1-x) – MoSe2 – 
MoS2xSe2(1-x) double-junction HS forms between the electrical contacts (Figure 4-6(b)). 
The transfer characteristic of the device, Figure 4-6(c), clearly shows a field-effect 
behavior in which the drain-source current (Ids) monotonically increases as the gate-source 
voltage (Vgs) is increased. The Ids–Vgs curves suggest that the 2D material is intrinsically n 
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doped, probably due to the chalcogen vacancies as discussed above. In addition to the 
transfer curves, changing the back-gate voltage (i.e., Vgs) modulates the output 
characteristic of the device (Figure 4-6(d)).  
 
Figure 4-6: Field-effect response of lateral HSs. (a) The schematic representation of 
fabrication steps. Electrical contacts to drain and source are made of Au/Ti: 60/20 nm. 
Drain-source (ds) and gate-source (gs) polarities are designated on the schematic. (b) 
Optical images of the HS (i) before and (ii) after the formation of electrical contacts. The 
SEM image of the junction area is shown in part (iii). Blue: SiO2 mask; green: exfoliated 
monolayer 2D material; brown: Au/Ti contacts. The scale bar in panel (b-iii) represents 5 
µm. (c) The transfer curves (i.e., Ids-Vgs) measured at multiple drain-source voltages (Vds).  
(d) The output characteristic (i.e., Ids-Vds) measured at multiple gate-source voltages (Vgs). 
The Ids–Vds curves of the double junction HS display an asymmetric response in which 
the ON voltages for positive and negative Vds are slightly different. This effect could stem 
from minor differences between the left and right HS interfaces in the current path. As 
shown in Figure 4-7, For Vds > 0, the electronic transport marked as (1) determines the I-
V characteristic, while transport (2) occurs without any barrier. Thus, the electrical 
response is predominantly dictated by the right junction. Similarly, for the Vds < 0, the 
transport marked as (2) and, accordingly, the left junction determines the I-V characteristic. 
Therefore, the difference observed in negative and positive Vds in Ids-Vds response of our 
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double-junction device is due to minor difference in left and right junctions. Overall, 
considering the spatial addressability of the lateral junctions provided by the integration of 
a lithography step into the synthesis protocol, our electrical characterizations highlight the 
possibility of demonstrating advanced optoelectronic devices such as transistors, light 
emitters, and photodetectors using lateral TMD HSs. Further details of results presented in 
this chapter can be found in reference [35-39]. 
 
Figure 4-7: Simplified band alignment of the MoS2xSe2(1-x) – MoSe2 – MoS2xSe2(1-x) 
double-junction device. Charge transport under Vds > 0 (shown in the left panel) and Vds 
< 0 (shown in the right panel). Considering Vgs > 0, we have assumed an electron-
dominated charge transport. 
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CHAPTER 5. MASKLESS SYNTHESIS OF LATERAL 
HETEROSTRUCTURES 
My conclusions about the important role of defects in post-growth alloying of MoSe2 
monolayers inspired me to explore the possibility of maskless synthesis of lateral HSs using 
defect engineering. As I discussed in section 2.3, defects can facilitate the exchange of 
chalcogen atoms during the post-growth alloying process. In other words, a larger density 
of defects in starting MoSe2 crystals lowers the driving force for the Se-S exchange, 
implying that the sulfurization process can be conducted at a relatively lower temperature 
as compared to that of a defect-free crystal. This critical observation encouraged me to 
artificially engineer the spatial distribution of defects in an otherwise pristine MoSe2 and 
leverage a delicately induced spatial inhomogeneity for the realization of a maskless 
technique for the synthesis of lateral HSs. 
In this chapter, I will first demonstrate that focused-ion beam (FIB) irradiation of 
TMDs can be employed for the controlled introduction of defects and structural 
deformations in intended locations of a pristine MoSe2 crystal with a spatial resolution 
down to a few tens of nanometers. Using multiple characterization techniques, the effect 
of ion dosage on the MoSe2 monolayers will be systematically explored and accordingly 
leveraged for the optimization of the FIB-irradiation treatment. Then, I introduce a 
modified version of our previously developed post-growth alloying strategy for the 
selective substitution of chalcogen atoms in only FIB-treated regions without affecting the 
pristine MoSe2 parts, leading to the realization of lateral MoSe2-MoS2 HSs. The developed 
method in this chapter enables the synthesis of lateral HSs with unprecedentedly small 
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lateral dimensions and tunable interfacial properties. I will conclude this chapter with a 
direct comparison between the maskless and mask-assisted HS synthesis techniques. 
5.1 Ion Irradiation of Pristine MoSe2 
FIB-based material processing is a widely used technique with a broad range of 
applications for site-specific modification, deposition, imaging, and sputtering of 
materials; a technique that has extended its applicability in many areas as a multifunctional 
processing method. In its general form FIB machines are very similar to SEM microscopes 
in many ways with a major difference: SEM uses a focused beam of “electrons” (mostly 
for imaging purposes), while a FIB setup uses a focused beam of “ions” that can offer extra 
functionalities beyond imaging. However, current state-of-the-art FIB systems are mostly 
designed in a dual-column architecture, one column dedicated to the ion beam and the other 
column to the electron beam. Access to both electron and ion beams in one apparatus 
enables the sequential modification (e.g., using ion beam) and imaging (e.g., using electron 
beam). Such a combination can lend itself to a wide range of application such elemental 
tomography, supervised etching, and ion/electron beam induced surface modifications. 
The ion source is an indispensable part of any FIB microscope. Liquid metal ion 
sources are very common in which a metal reservoir (typically gallium (Ga)) is placed in 
direct contact with a heating needle (typically tungsten) to melt the metal source and wet 
the needle. The radius of the metal cone, which forms at the tip of the needle, can be as 
small as a few nanometers, offering an extremely tight spatial resolution for material 
imaging/processing using FIB. Following the formation of the sharp tip, the field-
ionization of Ga (upon the exertion of a strong electric field) generates the ion beam. Ion 
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sources are then accelerated and focused onto the sample using electrostatic lenses. The 
FIB machine used in our experiments is a dual-column FEI microscope that uses Ga ions 
accelerated at 30 keV with an adjustable current ranging from 1pA to 30 nA. The beam 
dosage can be changed in multiple ways such as changing the beam current, per-pixel dwell 
time, or by changing the number of the overwriting cycles in a loop-writing mode.  
To elaborate the impact of the ion irradiation on monolayer MoSe2 crystals, we 
irradiate several regions of a pristine MoSe2 triangle with different ion dosages and study 
the exposed regions from multiple angles. Increasing the irradiation dosage changes the 
optical contrast between the ion-exposed and pristine regions, offering a fast means for 
distinguishing irradiated regions in the matrix of a pristine MoSe2 film. We further studied 
the properties of the ion-irradiated regions using PL and Raman measurements. As shown 
in Figure 5-1 (a), MoSe2 emission is significantly quenched in irradiated regions, primarily 
because optically generated carriers recombine non-radiatively in ion-beam-induced traps 
and crystal defects. Raman measurements further support the possibility of structural 
deformation in MoSe2 crystals following the ion-beam irradiation.  As depicted in Figure 
5-1(b), the intensity of the characteristic A1g vibration mode at ~ 241 cm
-1 gradually drops 
as the irradiation dosage is increased. Moreover, alongside the intensity drop, the A1g 
resonance undergoes a significant redshift and linewidth broadening (Figure 5-1(c)), both 
of which hint irradiation-induced structural defects and crystal deformations. Thus, the 
combination of the performed optical characterizations coherently attests that FIB can be 
used for the controlled introduction of site-specific defects and structural modifications in 
pristine MoSe2 crystals, a point that we will later use for the synthesis of lateral junctions. 
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Figure 5-1: FIB-induced introduction of structural deformation in pristine MoSe2 
crystals. (a) PL spectra obtained from regions irradiated with different ion dosages. (b) A1g 
Raman mode of MoSe2 for different ion dosages, which shows a constant intensity drop as 
the ion dosage increases. (c) Normalized A1g Raman mode shows a significant redshift and 
linewidth broadening in irradiated regions. 
5.2 Sulfurization Procedure  
After establishing the FIB irradiation condition, we carried out a set of systematic 
experiments to develop a sulfurization process that can selectively target the irradiated 
regions without affecting the pristine MoSe2 matrix. As indicated in Raman spectra in 
Figure 5-2 (a), after sulfurization, the A1g vibrational mode of MoSe2 in the irradiated 
region is completely disappeared and, instead, the A1g and E2g modes of MoS2 appeared, 
decisively confirming the Se-S substitution in the irradiated regions. In contrast, the A1g 
mode of MoSe2 in pristine regions has remained largely intact, implying that the 
composition of the lattice is not altered in those regions. Therefore, the selective Se-S 
substitution in irradiated regions transforms the defective – pristine MoSe2 pairs into MoS2 
– MoSe2 lateral HSs. Similarly, as shown in Figure 5-2(b), after sulfurization of the sample, 
the ion-irradiated region demonstrates a strong PL emission centered at ~ 1.85 eV, which 
corresponds to the well-known MoS2 bandgap, further confirming the successful S-Se 




Figure 5-2: Selective chalcogen substitution in ion-irradiated regions. (a, b) Raman and 
PL spectra, respectively, of pristine and FIB irradiated regions before (bottom) and after 
(top) sulfurization. As evident in both Raman and PL, sulfurization only changes the 
chemical composition in ion-irradiated regions. 
In comparison to the lithography-assisted approach, FIB technique eliminates the 
incorporation of hard masks (i.e., SiO2) into the HS synthesis process. This change offers 
multiple important advantages. First and foremost, in the absence of SiO2 masks, both sides 
of lateral junctions are immediately accessible for the placement of electrical contacts and 
device fabrication. Previously, access to the MoSe2 side of the junction was blocked by the 
SiO2 protection masks.  Second, several fabrication steps including EBL lithography, oxide 
deposition, and overnight lift-off processes are eliminated, leading to a significant increase 
in the yield of lateral HS synthesis and subsequent device fabrication. Third, our SEM 
analysis shows that sulfurization of ion-irradiated CVD monolayers yields seamless 
crystals, meaning that the cracking issue that we discussed in previous chapters is 
successfully addressed in the FIB-assisted method. Therefore, in addition to the exfoliated 
films, CVD-grown monolayer MoSe2 films can be used for the fabrication of devices based 
on lateral HSs, further improving the yield of device fabrication. 
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CHAPTER 6. ENHANCING LIGHT-2D MATERIAL 
INTERACTION IN HYBRID STRUCUTRES 
Majority of the intriguing properties of 2D TMDs stem from their reduced dimensions 
to atomic scales. The formation of a direct optical bandgap, pronounced excitonic behavior, 
and robust mechanical strength are examples of properties that directly rely on the 
atomically thin nature of TMDs. However, along such unique advantages come some 
inherent shortcomings. Above all, the interaction of light with such thin films is relatively 
inefficient, primarily because the effective light-matter interaction length in a film thinner 
than 1nm is extremely small. This shortcoming has hindered the practical use of 2D TMDs 
in real world applications especially in designing LEDs, lasers, and photodetectors. In fact, 
because of the small material volume, generated light by 2D TMDs are often dim, and 
light-to-electricity-conversion efficiency of reported photodetectors are far below 
thresholds for practical applications. Thus, to address this shortcoming, the interaction of 
light with 2D TMDs needs to be enhanced. 
In this chapter, I will discuss and implement two strategies for enhancing the light 
interaction with 2D materials: (i) integration with optical cavities (section6.1) and (ii) 
integration with plasmonic resonators (section 6.2). The major advantage of the first 
approach is the small optical mode volume of plasmonic resonators. In contrast, second 
approach offers much larger enhancement, primarily because photonic resonant structures 
offer larger quality factors at their resonance wavelength. We also discuss the optical heat 
generation in TMDs as a side effect, when atomically thin TMDs are integrated with such 
resonant structures. 
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6.1 Integration of 2D TMDs with Optical Cavities 
Hybrid structures based on integration 2D TMDs with optical resonators have earned 
significant attention, primarily because the enhanced interaction of light with 2D materials 
in such hybrid structures can enable devices such as efficient light-emitting diodes and 
lasers. However, one of the factors affecting the performance of such devices is the effect 
of the optically induced heat on the optoelectronic properties of the 2D materials. In this 
section, we first systematically study the enhancement of light interaction with 2D TMDs 
and then investigate principal roots of heat generation in such hybrid cavity-coupled 2D 
films under optical pumping. The optical resonator exploited here is a Fabry-Perot (FP) 
resonator, which can enhance the light-MoS2 interaction by a significant factor of 60 at its 
resonance wavelength. We have combined an accurate theoretical modeling with 
experimental Raman spectroscopy to unravel entangled roots of heat generation in MoS2 
films integrated with FP resonators. 
Our investigations reveal that the strong modulation of light absorption in the MoS2 
film, induced by excitation of FP cavity at its resonant frequency, plays the primary role in 
excess heat generation in 2D material. Furthermore, through varying the cavity length, we 
show that on-resonance and off-resonance excitation of cavity results in completely 
different temperature profiles in the cavity coupled MoS2. Also, by changing the resonance 
medium of the FP cavity (SiO2 and air), we consider the role of the heat sinking effect of 
the substrate in heat generation in MoS2 films. In our study, the temperature-dependent 
redshift of the Raman spectra is employed to monitor the local temperature of the MoS2 
films. Our results show the importance of the heating effect in such hybrid structures and 
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represent a step forward for the design of practical hybrid optical devices based on layered 
semiconducting 2D materials. 
6.1.1 Characterization Approach 
High-quality MoS2 films were grown by direct sulfurization of molybdenum (Mo) thin 
films. [1] Briefly, a layer of 1 nm-thick Mo film was deposited on a 260 nm-thick SiO2 
film on a Si substrate using an electron-beam evaporator and, then, the sample was placed 
in a furnace and exposed to a controlled flow of the sulfur gas at the temperature of 1050 
0C for uniform growth of MoS2 on a large area. Following gradual cooling to 300 
0C, the 
sample was taken out of the furnace. Using atomic force microscopy (not shown here), we 
identified the thickness of the as-prepared films to be 2.1 nm, which is equivalent to the 
height of a trilayer MoS2 film. The MoS2 film was then transferred onto new substrates 
through a standard wet-transfer technique. Our PL spectroscopy verifies similar excitonic 
emission spectrum of the as-synthesized trilayer MoS2 films and chemical vapor deposition 
(CVD) grown MoS2. 
As we have shown in Figure 6-1, Raman spectroscopy was used to characterize the 
light-MoS2 interaction as well as monitoring laser-induced heat generation in MoS2 films 
integrated on FP resonators (referred to as MoS2-on-FP). This selection is motivated by the 
fact that Raman signal strongly sensitive to the temperature variation. [2-5]  Increasing the 
temperature through changing the effective binding length of vibrating molecules reduces 
the restoring force and softens the vibration strength. [3, 4] Furthermore, at elevated 
temperatures, the vibration of the molecules might not be modeled as a simple harmonic 
oscillator. Instead, for a complete description, contribution of non-harmonic vibrations 
 81 
should also be taken into account, [2, 3] which in turn contributes to the softening of the 
vibrations. These two effects cause red-shift and broadening of the Raman spectrum as the 
temperature increases. 
 
Figure 6-1: Effect of coupling to the FP cavity on laser-induced thermal heating of the 
MoS2 films. Raman spectra are recorded at different laser powers ranging from 1 mW to 
3 mW for (a) MoS2-on-FP resonator (i.e., 256 nm SiO2 on Si substrate) and (b) MoS2-on-
Si sample. The in-plane (E12g) and out-of-plane (A1g) characteristic resonances of the MoS2 
film are marked on the plots. Dashed lines are guides to eye connecting peak positions of 
the E12g and A1g resonances at different laser power. Peak positions of the A1g and E
1
2g 
features manifest a linear red-shift by increasing power of the excitation laser as shown in 
panels (c) and (d) for the MoS2-on-FP and MoS2-on-Si samples, respectively. (e) Local 
temperature of the MoS2 film at different laser powers, calculated from the ratio of Stokes 
to anti-Stokes integrated intensities of E12g feature. The dashed lines are least square linear 
fits to the experimental data. 
Figure 6-1 (a)-(b) show the Raman spectra of the MoS2-on-FP sample (256 nm 
SiO2/Si) and on a bare Si substrate (referred to as MoS2-on-Si), respectively, measured at 
several laser powers ranging from 1 mW to 3 mW at the pump wavelength of 488 nm. Note 
that the minimum laser power is chosen so that the signal-to-noise ratio of the Raman signal 
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on the Si substrate is high enough for reliable measurements, and the maximum laser power 
is chosen to avoid a permanent damage to the MoS2 film integrated on the FP resonators. 
In all measurements, the wavelength of the excitation laser is kept fixed at 488 nm. In these 
Raman spectra, the two prominent in-plane (E12g) and out-of-plane (A1g) vibrations of the 
MoS2 films are observable. By fitting Lorentzian functions to the experimentally acquired 
spectra, the peak positions and linewidths are extracted at different laser powers. Figure 
6-1Error! Reference source not found.(c)-(d) show that by increasing the excitation 
power, the E12g and A1g Raman peaks experience linear redshifts accompanied with 
linewidth broadening. However, a key observation here is that the Raman spectrum of the 
MoS2-on-FP sample undergoes a remarkably larger red-shift as compared to that of the 
MoS2-on-Si sample. This distinction can be inferred by looking at the slope of the E
1
2g 
(A1g) red-shift of the MoS2-on-FP sample, 𝜒𝐸2𝑔1 = - 0.64 cm
-1/mW (𝜒𝐴1𝑔= - 0.47 cm
-1/mW), 
which is about one order of magnitude larger than that of the MoS2-on-Si sample (i.e., 
 𝜒𝐸2𝑔1 = - 0.05 cm
-1/mW (𝜒𝐴1𝑔= - 0.06 cm
-1/mW)). This effect was investigated more 
precisely by calculating the local temperature of the MoS2 film on the two substrates 
(Figure 6-1 (e)) at different excitation laser powers. Here, the local temperature of the MoS2 
film is estimated using the following equation [2]: 
𝐼𝑆
𝐼𝐴𝑆
=  𝜅 𝑒𝑥𝑝 (
ℏ𝜔
𝐾𝐵𝑇
)  ,                 (6-1) 
where IS and IAS are the integrated intensities of Stokes and anti-Stokes components of the 
E12g resonance. In Equation (6-1), ℏ𝜔, 𝐾𝐵, and T are the vibration energy of the E
1
2g 
resonance, Boltzmann constant, and the local temperature of the MoS2, respectively.  Also, 
𝜅 is a pre-factor that accounts for absorption coefficients and scattering cross sections of 
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the Stokes, anti-Stokes, and the incident light components in the MoS2 film. We note that 
we have chosen the E12g resonance because coupling between optically generated electrons 
and phonons for this vibration mode is negligible, [6] and the observed changes in the 
Raman spectra can safely be attributed to the heating effects only. 
  Figure 6-1 (e) indicates two important facts: i) increasing the excitation laser power 
linearly increases the local temperature of the MoS2 film. This suggests that laser-induced 
thermal heating is the origin of the redshift observed in the Raman spectra, which is in 
agreement with previous reports. [4, 5] ii) Excited at identical laser powers, the local 
temperature of the MoS2-on-FP sample is significantly higher than that of the MoS2-on-Si 
sample, which emphasizes the stronger redshift of the Raman spectrum observed on the FP 
resonator compared to that on the Si substrate. As Figure 6-1(e) shows, the variation of the 
local temperature caused by varying the excitation laser power is very small for MoS2-on-
Si sample, while it has a linear behavior with a slope of +37 K/mW for the MoS2-on-FP 
sample. Indeed, excitation of the MoS2 film on the FP resonator causes excess heating and 
yields a stronger redshift.  
6.1.2 Coupling of 2D MoS2 to FP Cavity 
Two phenomena might contribute to the differences observed in Figure 6-1(e): i) 
different thermal conductivities of the substrate materials underneath the MoS2 films (i.e., 
SiO2 versus Si), and ii) enhanced light-MoS2 interaction in the vicinity of the FP-cavity.  
Since the thermal conductivity of SiO2 is lower than that of Si, the generated heat in the 
MoS2-on-FP sample dissipates slower, resulting, in part, in increasing the local 
temperature. On the other hand, field enhancement induced by the constructive interference 
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of light in the FP resonator enhances light interaction with the MoS2 film integrated on the 
FP resonator and builds up more heat. The strength of this effect can be more appreciated 
by noting that maximum intensity of the Raman signal of the MoS2-on-FP sample is about 
45 times higher than that of the MoS2-on-Si sample (Figure 6-1 (a)-(b)). To identify the 
contribution of these two effects, by controlling the FP cavity length (i.e., thickness of the 
SiO2 layer), we establish several FP resonators with different Raman enhancement 
strengths and repeat experiments similar to those explained in Figure 6-1. This allows 
exploring the sole role of the enhanced light interaction in the generation of excess heat in 
the MoS2-on-FP sample while keeping the heat sinking property of the substrate in all 
samples are rather similar. 
It is worth mentioning that the dependence of the thermal conductivity of a SiO2 thin 
film on film thickness is essentially negligible if the film is thicker than approximately 150-
200 nm. [7] Therefore, to avoid different heat sinking effects from the substrate, the SiO2 
layers of all the FP resonators are designed to be thicker than 200 nm. Figure 6-2(a)-(b) 
represents variation of the E12g and A1g red-shifts with laser power at three FP cavity 
lengths of 197 nm, 256 nm, and 273 nm along with that of the MoS2-on-Si sample. Our 
later discussions clarify the rationale behind choosing these specific thicknesses. The 
results shown in Figure 6-2 were obtained by measuring relative shifts in the peak positions 
of the E12g and A1g resonances at different excitation laser powers with respect to peak 
positions at 1mW laser power. As is evident from Figure 6-2, changing the thickness of the 
SiO2 slab varies the slope of the red-shift in the Raman spectrum, which is a manifestation 
of the increase in laser-induced heating of MoS2. This observation is an indication of 
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changing the strength of the laser light interaction with changing the FP resonance 
wavelength, which is dictated by the length of the cavity as will be explained later.  
 
Figure 6-2: Effect of the FP cavity length on heat generation. Variation of the red-shift 
experienced by (a) E12g and (b) A1g vibrations of tri-layer MoS2-on-FP sample through 
changing cavity length (i.e., thickness of the SiO2 slab). For the sake of comparison, 
redshift of E12g and A1g resonances on Si substrate (no SiO2) at different laser powers are 
also represented. Symbols are experimental results and dashed lines are linear fits. (c) 
Quantitative values for the slopes of the MoS2 Raman redshifts on different substrates are 
tabulated for E12g (i.e., 𝝌𝑬𝟐𝒈𝟏
) and A1g (i.e., 𝝌𝑨𝟏𝒈) resonances. Negative signs of the slopes 
are an indication of the redshift. 
Slopes of the red-shifts for E12g (i.e., 𝜒𝐸2𝑔1 ) and A1g (i.e., 𝜒𝐴1𝑔) resonances on different 
substrates are extracted by fitting linear trends to the experimental results in Figure 6-2(a)-
(b), and the quantitative values of the slopes are tabulated as shown in Figure 6-2(c). Notice 
that negative signs of the slopes point to the redshift of the resonances. Numerical values 
reveal that both 𝜒𝐸2𝑔1  and 𝜒𝐴1𝑔 are considerably larger for the case where FP is excited on-
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resonance (i.e., cavity length of 256 nm) as compared to the off-resonance cases (i.e., cavity 
lengths of 197 nm and 273 nm). To interpret these differences, we study the effect of 
varying SiO2 thickness on the interference of light inside the FP cavity and its effect on 
modulation of light interaction with the MoS2 film through a numerical model based on 
successive reflections of light from the boundaries of the SiO2 slab (as shown in Error! R
eference source not found.(a)), which is formulated by Li et al. [8] The mathematical 
modeling of light-MoS2 interaction is presented in Appendix A. 
As a figure of merit, we define the total enhancement factor (TEF) as the ratio of the 
maximum intensity of the E12g Raman peak of the MoS2-on-FP samples (Imax, FP) to that of 
the MoS2-on-Si sample (Imax, Si), that is TEF = Imax, FP / Imax, Si. The map of Figure 6-3(b) 
illustrates the results of this modeling for trilayer MoS2 films integrated on FP resonators 
with various SiO2 thicknesses while the excitation laser wavelength varies between 380 nm 
and 900 nm. In this map, at a fixed SiO2 thickness, the wavelength-dependent enhancement 
profile illustrates irregularities that originate from the combined effect of the FP 
interference and the wavelength-dependent refractive index of the MoS2 film [8, 9] (see 
appendix B). At a fixed excitation wavelength, however, the enhancement spectrum 
periodically depends on the thickness of the SiO2 layer. Figure 6-3(c) shows the variation 
of the TEF with the SiO2 thickness at the excitation wavelength of λ = 488 nm (used in our 
experiments) associated with the dashed line overlaid on the 2D map of Figure 6-3(b). 
Figure 6-3(c) suggests that the maximum enhancement can be reached, to the first order 
approximation, when the SiO2 thickness is equal to the odd multiples ( 2𝑙 + 1) of one 
quarter of the wavelength in the resonance medium (
𝜆
4𝑛
), that is: 
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𝑑𝑙,𝑚𝑎𝑥 = (2𝑙 + 1)
𝜆
4𝑛
 ,                         (6-2) 
where n and l are the refractive index of SiO2 (~ 1.46) and an integer number (mode index), 
respectively. However, the fairly large imaginary part of the refractive index of MoS2 at λ 
= 488 nm (~ 1.65) gives rise to a reflection phase addition at the MoS2/SiO2 interface, 
which is not considered in Equation (6-2). Thereby, a thinner SiO2 (less than what Equation 
(6-2) predicts) meets the condition for the maximum enhancement of the E12g Raman peak. 
For example, Equation (6-2) predicts 𝑑𝑙 = 0,𝑚𝑎𝑥 = 83 nm, while the results of more 
complete modeling determine an optimal thickness of 67 nm. Nevertheless, Equation (6-
2) clearly elucidates the periodic dependence of the TEF on the SiO2 thickness with a 
period of  
𝜆
2𝑛
 = 167 nm, very close to 165 nm that the results of modeling (Figure 6-3) 
predicts. To verify accuracy of our modeling, Figure 6-3(c) represents the experimentally 
measured TEFs (square symbols) for the three MoS2-on-FP samples (used in the Raman 
measurements of Figure 6-3). Good agreement between the simulation and the 
experimental results for the three samples are evident from Figure 6-3(c). Notice that 5-7 
cm-1 linewidth of the E12g Raman resonance is equivalent to less than 1 nm spectral width. 
Therefore, we can safely assume that the entire E12g resonance spectrum gains an identical 
enhancement and variation of the TEF over the Raman linewidth is negligible. Detailed 
discussion regarding the effect of the MoS2 thickness on the TEF is presented in the 
Appendix B.  
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Figure 6-3: The enhanced light-MoS2 interaction on the FP cavity.  (a) The schematic 
illustration of the cavity structure. The ray trace shows the propagation of light beams 
inside the cavity.  (b) Simulation results representing the enhancement of the E12g Raman 
signal of the MoS2-on-FP sample as a function of the SiO2 thickness (cavity length) and 
the wavelength of the excitation laser. The color-bar represents the enhancement factor. (c) 
The enhancement spectra at 488 nm excitation wavelength (used in our experiments) for a 
trilayer MoS2 film on the SiO2 substrate (corresponding to the dashed line in panel (b)). 
Squares represent the experimental results. (d) The separate contribution of the improved 
light absorption (i.e., AEF) and light scattering (i.e., SEF), as represented in the schematic 
illustration of part (a) to the total enhancement of E12g Raman signal (i.e., TEF) at the 488 
nm excitation wavelength. 
Comparing the TEF of the E12g peak intensity of MoS2 on different FP resonators 
(Figure 6-3 (c)) with the slope of the redshift of the E12g resonance (as an indication of the 
local temperature) on corresponding substrates (Figure 6-2 (a)) provides insightful 
information. FP-cavities with 197 nm, 256 nm, and 273 nm SiO2 thicknesses provide TEFs 
of 5.6, 45.6, and 26.9 for the E12g resonance, respectively. The corresponding 𝜒𝐸2𝑔1 s on 
these substrates are – 0.27 cm-1/mW, – 0.64 cm-1/mW, and – 0.32 cm-1/mW, respectively. 
In other words, the higher the TEF, the larger the slope of the redshift of the Raman spectra. 
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This confirms the principal role of the enhanced interaction of light with MoS2 on excess 
heat generation. However, although the TEF on the FP resonator with 256 nm SiO2 is more 
than 8 times larger than that on the FP resonator with 197 nm SiO2, the slope of the red-
shift on 256 nm SiO2 substrate is only 2 times larger than that of the resonator with 197 nm 
SiO2 thickness. More interestingly, the FP cavity with the SiO2 thickness of 273 nm 
provides a TEF of approximately 5 times larger than that on the FP cavity with 197 nm 
SiO2 thickness, while the slope of the red-shift on the 273 nm SiO2 resonator is just slightly 
larger than that of the 197 nm SiO2 resonator.  
The inconsistency between the TEFs and the redshifts of the E12g resonance can be 
resolved by considering details of the enhancement mechanism. Improvement of the 
Raman intensity of the MoS2-on-FP samples has two roots: (1) enhancement of the MoS2 
excitation (equivalently, light absorption) and (2) enhancement of the Raman scattering 
(emission) from the MoS2 film (see Figure 6-3(a)). Combination of the improved excitation 
and emission contribute to the enhancement of the Raman signal of the MoS2-on-FP sample 
and determines the TEF. However, the heat generation is primarily entangled with the 
enhancement of the light absorption. Therefore, we need to introduce two separate 
enhancement factors: absorption enhancement factor (AEF) and scattering enhancement 
factor (SEF).  In Figure 6-3(d), we present dependence of these two factors on the thickness 
of the SiO2 cavity at excitation wavelength of 488nm (see Appendix A for details). In these 
calculations, AEF and SEF are computed by dividing, respectively, the absorption and 
scattering components of the Raman signal of the MoS2-on-FP samples to the 
corresponding components of the MoS2-on-Si sample. Figure 6-3(d) shows that the AEF 
and SEF have similar profiles with maximum enhancement factors of approximately 8. 
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This general resemblance is due to the small energy exchange upon E12g Raman scattering 
that results in small wavelength shift between incoming and scattered light and, thus, leads 
to similar FP cavity response for the excitation and scattering signals.  However, since the 
wavelength of the scattered light is slightly longer than that of the incoming light (Stokes 
shift), based on Equation (6-2), the maximum enhancement for the scattering profile occurs 
at a slightly thicker SiO2 layer than that for the absorption profile in Figure 6-3(d). Further 
minute differences between the absorption and scattering spectra, in Figure 6-3(d), can be 
related to the wavelength dependent reflection of light (for the incoming and scattered 
light) at the MoS2-SiO2 boundary caused by the dependence of the refractive index of MoS2 
on wavelength. 
Figure 6-3 (d) shows that for MoS2-on-FP samples with SiO2 thicknesses of 197 nm, 
256 nm, and 273 nm, light absorption by MoS2 gains enhancement factors of AEF = 3.9, 
7.3, and 4.3, respectively. Comparing these values with the slope of the red-shift on the 
corresponding substrates (Figure 6-2 (c)) reveals that the trend of the red-shift agrees well 
with the trend of the absorption enhancement. For example, the AEF for the FP resonator 
with 256 nm SiO2 layer is approximately twice that for the resonator with 197 nm SiO2, 
which is consistent with the slope of the E12g redshifts on these two samples. Likewise, 
approximately similar absorption enhancement on resonators with 197 nm and 273 nm 
SiO2 layers is consistent with rather identical slopes for the E
1
2g redshifts of the Raman 
resonances on these substrates. These observations suggest that modulation of the light 
absorption (not the total enhancement) is the underlying mechanism for the excess heat 
generation in MoS2-on-FP structures, which manifests itself in the amount of the red-shift 
observed in the Raman spectra. Therefore, the in-resonance excitation of the FP cavity (as 
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in sample with 256 nm SiO2 layer) increases the MoS2 temperature significantly more than 
the off-resonance excitation (as in samples with 197 and 273 nm SiO2 layers). 
6.1.3 Spatial Modulation of Light-2D Material Interaction 
Another phenomenon that affects heating in the integrated 2D materials on resonators 
is the heat conductivity of the substrate (or the substrate heat sinking effect). To study this 
effect, we etch an array of holes with diameters of 4-5 μm into the 256 nm-thick SiO2 on 
Si substrate, and then, suspend the trilayer MoS2 film over it (Figure 6-4 (a)) to establish 
two types of FP resonators that are spatially adjacent: one resonator has a 256 nm air-gap 
as the resonance medium (i.e., the suspended MoS2 region over the holes) and the other 
one has a 256 nm SiO2 as the resonance medium (i.e. the supported MoS2 regions outside 
the holes). In these two types of resonators, different thermal conductivities of the air and 
SiO2 allow investigating the strength of the heat sinking effect of the substrate on heat 
generation in MoS2 film. 
We map the Raman spectrum of the MoS2 across a line passing over one of the holes, 
at a fixed laser power of 3 mW, and record the Stokes and anti-Stokes spectra. Figure 6-4(b) 
illustrates the map of Stokes Raman spectra at different positions, where the dashed lines 
mark the peak positions of the E12g and A1g vibrations and the solid vertical lines outline 
edges of the hole, where MoS2 is suspended. In order to monitor the evolution of the E
1
2g 
and A1g resonances, we pick vibration frequencies of a point outside the hole as the 
reference to measure the relative shifts of the E12g and A1g resonances along the scanned 
line (Figure 6-4 (c)). Results show that by moving from a point outside the hole toward the 
center of the hole, both vibrations experience symmetric blue-shifts and reach their maxima 
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at the center of the hole. Also, in Figure 6-4(d), we have estimated spatial temperature 
profile (based on Equation (6-1)) along the scanned line where local temperature of the 
MoS2 film drops from an average value of 432 K over the SiO2-supported regions to 380 
K over the suspended regions. Therefore, the blueshifts observed in Figure 6-4(c) are due 
to the lower local temperature of the suspended MoS2. 
 
Figure 6-4: Spatial modulation of light-2D material interaction. (a) SEM image of the 
trilayer MoS2 film suspended over an array of holes etched into a 256 nm thick SiO2 layer 
on Si substrate. The darker region is covered with MoS2. (b) Raman mapping across a line 
passing over a hole in (a). Horizontal dashed lines are guides to the eyes showing Raman 
peak positions. Vertical lines depict edges of the hole. (c)  Relative change of the A1g and 
E12g peak positions across the scanned line compared to a reference point outside the hole. 
Dashed lines are guides to the eyes. The arrows show the extent of the hole. (d) Spatial 
temperature profile across the scanned line. Three regions are distinguishable: suspended 
MoS2 at the middle and SiO2-supported MoS2 at the left and right regions. Dashed lines 
show the average temperature at each region. The arrows show the extent of the hole.  (e) 
Normalized intensity of the A1g and E
1
2g across the scanned line. Dashed lines are guides 
to the eyes. The arrows show the extent of the hole. (f) Comparing enhancement of light 
absorption (i.e., AEF) in the MoS2 film integrated on SiO2 (dashed line) and air-gap (solid 
line) FP cavities. The crosses mark the values for the cavity length of 256 nm, which is 
used in our experiment. 
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Figure 6-4 (e) depicts the normalized Raman scattering intensities corresponding to 
the E12g and A1g vibrations, where both manifest symmetric drops moving toward the center 
of the hole, indicating weaker light-matter interaction in the suspended MoS2 regions 
compared to that of the SiO2-supported regions. In fact, despite the better thermal 
conductivity of SiO2 compared to the air, stronger light-MoS2 interaction in SiO2 supported 
regions elevates the MoS2 temperature outside the holes and creates the temperature profile 
of Figure 6-4(d) and (as a direct result) the blue-shift profile of Figure 6-4(c). To verify 
this claim, in Figure 6-4(f), we have compared AEFs of FP resonators having either air-
gap or SiO2 as the resonance medium through the same method used above. In Figure 
6-4(f), owing to the larger refractive index of the SiO2, the maximum absorption 
enhancement can be reached at a shorter cavity length (compared to the air-gap FP 
resonator) as predicted by Equation (5-2). Also, maximum achievable AEF on the air-gap 
resonator (~ 11) is larger than that over the SiO2 resonator (~ 8). This effect can be 
explained on the basis of the refractive index contrast at the upper (i.e., MoS2-SiO2/air) and 
lower (Si-SiO2/air) boundaries of the two types of FP cavities. Higher refractive index 
contrast provides larger reflection coefficients at the two boundaries and increases the 
quality factor of the cavity. Therefore, knowing that the refractive index contrasts at both 
upper and lower boundaries are larger for the air-gap cavity compared to the SiO2 cavity, 
we expect a higher quality factor for the former resonator. Thus, potentially, air-gap 
resonator enables stronger light-MoS2 interaction than the resonators having SiO2 as the 
resonance medium. However, for the specific cavity length of 256 nm (used in the analysis 
of Figure 6-4), the AEFs are 7.4 and 1.4 over the SiO2-supported and air-gap FP resonators, 
respectively (as marked by two crosses in Figure 6-4(f)). This is primarily due to the 
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existence of a FP cavity mode in the SiO2 resonator at the excitation wavelength of 488 nm 
and lack of such a mode in the air-gap cavity. In other words, while excitation at 488 nm 
wavelength is on-resonance for SiO2 FP cavity, it is an off-resonance excitation for air-gap 
FP cavity. Therefore, illuminated at identical laser powers, a greater portion of light gets 
absorbed by MoS2 films integrated over the SiO2 FP resonator compared to that over the 
air-gap resonator, which generates the temperature profile of Figure 6-4(d). Results of 
Figure 6-4 demonstrates that effect of absorption modulation can completely overwhelm 
the heat sinking effect of the substrate material and governs the heat generation upon 
coupling of the 2D materials to the optical cavities. It can also be inferred that by selecting 
the proper cavity length for the SiO2 and air-gap resonators, a large range of performance 
variations can be achieved.  
Our study clearly highlights the importance of the enhanced light-mater interaction as 
well the thermal effects that comes along such a pronounced interaction. These thermal 
effects are inherent in the optical characterization of resonance-enhanced phenomena in 
hybrid integration of 2D materials with photonic (or plasmonic) structures. Thus, extreme 
care must be given to the interpretation of the experimental results in such studies by 
decoupling the light-induced thermal effects (that usually result in changing the 
temperature distribution over the 2D material) from the other (desired) effects. 
In addition to its importance in proper interpretation of the experimental results, the 
outcomes of this paper can be useful from practical perspective, especially for energy 
harvesting applications. As an example, the spatial modulation of the light absorption in 
MoS2 through substrate engineering can be exploited for artificial generation of a 
temperature gradient (as in Figure 6-4(d)). Knowing that MoS2 has a large Seebeck 
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coefficient (up to 30 mV/K), this temperature gradient can be converted into an electric 
signal (e.g., voltage) by application of two electrodes (e.g., indium-tin-oxide (ITO)) at cold 
and hot regions. Indeed, through a photo-thermo-electric conversion chain, light generates 
a temperature gradient (e.g., 50 K in Figure 6-4(d)) that can be converted into a voltage 
difference through the Seebeck effect (e.g., between the hole center and the surrounding 
region in Figure 6-4(a)). This effect can be optimized by engineering the shape and 
distribution of the holes in Figure 6-4(a). A separate study is currently underway to explore 
the practical prospects of this idea.  
6.2 Integration of 2D TMDs with Plasmonic Resonators 
In this section, through the integration of a strongly coupled plasmonic nanoantenna 
array with a monolayer MoSe2, spatial maps of the photoluminescence (PL) are acquired 
on- and off-resonance to exhibit the role of the lattice plasmon modes on the enhancement 
of the PL from the MoSe2 monolayer. The on-resonance excitation of the hybrid 
nanostructure at 785 nm reveals a significant PL enhancement of more than 25 (compared 
to the PL enhancement factor that a Fabry-Perot resonance provides), while the off-
resonance excitation at 488 nm only results in an enhancement factor of five. Polarization-
resolved optical reflection spectroscopy is also experimented to verify the role of the 
coupled nanoantenna array on the PL enhancement. Full-wave numerical simulations of 
the complete structure are also performed to support the observed experimental results. 
These findings enrich our knowledge regarding the light interaction with 2D materials 
mediated by plasmonic nanostructures and pave the way for the design of a new class of 
hybrid 2D material plasmonic devices that utilize enhanced light-matter interaction. 
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6.2.1 Fabrication of Hybrid Plasmonic-MoSe2 Structures 
High-quality MoSe2 layers, used in this research, were grown on a 290 nm-thick layer 
of thermally grown silicon dioxide (SiO2) on a silicon (Si) substrate using the CVD 
technique, as reported previously. [10, 11] Using Raman spectroscopy, monolayer regions 
of MoSe2 were identified and were used for integration with plasmonic nanostructures. To 
enhance the PL emission of monolayer MoSe2, we designed and integrated a set of 
plasmonic nanostructures, each supporting lattice plasmon (LP) modes near the direct band 
gap of the MoSe2 monolayer. Lattice plasmon waves are propagating electromagnetic 
modes that are formed by the interaction between the localized surface plasmon polaritons 
(LSPPs) and the Bragg scattering in a periodic plasmonic structure.[12] LP modes have 
been used to enhance the light-matter interaction for different applications [13–15]. In our 
research, the designed plasmonic nanostructures are composed of two sets of horizontally 
and vertically oriented Au nanorods with the fixed width and thickness of, respectively, w 
= 30 nm and t = 30 nm and inter-antenna spacing (or period) of a = 250 nm. This particular 
configuration of nanorods was chosen to induce two wideband LP waves (far from the LP 
band edge), to enhance both excitation and emission light in both horizontal and vertical 
polarizations. To find the optimal nanorod length to match the LP resonance and MoSe2 
emission wavelengths, we performed a set of full-wave numerical simulations using the 
FDTD method, taking into account the complex refractive index of ML-MoSe2. [16] In 
addition, we fabricated several plasmonic arrays with a fixed lattice constant and different 
nanorod lengths to compensate for anisotropy in the permittivity of MoSe2 that was not 




Figure 6-5: Hybrid plasmonic-MoSe2 structures. (a) The SEM image of the structure 
that integrates the coupled PNA array with a MoSe2 monolayer. The black areas are 
covered by the MoSe2. The inset shows the three-dimensional schematic of the fabricated 
PNA composed of two arrays of coupled gold nanorods. (b) A closer look at the selected 
region in (a). Region A: PNA/MoSe2/SiO2, Region B: PNA/SiO2, Region C: MoSe2/SiO2, 
and Region D: SiO2 substrate. Thickness, width, and length of each individual gold 
nanoantenna are t = 30 nm, w = 30 nm, and l = 105 nm, respectively, with the PNA 
periodicity of a = 250 nm in both horizontal and vertical directions. (c) Extinction spectra 
of the hybrid MoSe2-PNA structure (region A) obtained from optical reflection 
spectroscopy for different nanoantenna lengths of 100, 105, and 110 nm with t = 30 nm, 
w=30 nm, and a = 250 nm. The two observed resonances in all three spectra correspond to 
the PNA resonance (peak around 800 nm) and F-P resonance due to the interference of 
light inside the SiO2 substrate (peak at around 600 nm). (d) The PL spectrum of the MoSe2 
on SiO2 (region C) with a luminescence peak at 810 nm, which matches with the long-
wavelength resonance of the PNA structure with l = 105 nm.  
Coupled plasmonic nanoantenna (PNA) (i.e., Au nanostructure) arrays were fabricated 
using standard electron beam lithography (EBL), metal deposition, and a lift-off process. 
Figure 6-5(a, b) illustrates representative scanning electron microscopy (SEM) images of 
the fabricated device. In Figure 6-5(b), four different regions can be distinguished based 
on the overlap of the plasmonic nanostructure with the MoSe2 monolayer. We refer to these 
regions as A, B, C, and D throughout the manuscript. In region A, the PNA and monolayer 
MoSe2 have complete overlap (this is the active region, where the enhancement of light-
matter interaction occurs). Regions B and C identify parts of the structure with only PNA 
 98 
(no MoSe2) and only ML-MoSe2 (no PNA), respectively. Finally, region D identifies the 
area with bare SiO2 substrate (no PNA or MoSe2). 
To match the resonance of the PNA with the PL peak of the ML-MoSe2, we measured 
the optical reflection of the hybrid PNA-MoSe2 structure (region A in Figure 6-5(b)) with 
different nanorod lengths and compared the results with the PL spectra of the bare ML-
MoSe2 on SiO2 (region B in Figure 6-5(b)). Comparing the measured extinction (i.e., 
change in the optical reflection) for PNAs with different length (Figure 6-5 (c)) and the PL 
of the ML-MoSe2 (Figure 6-5 (d)) show that for w = 30 nm, t = 30 nm, and a = 250 nm, 
the optimal length of the gold nanorods in the PNA is l = 105 nm. Note that two distinct 
peaks are present in the optical reflection spectra of Figure 6-5(c). The first peak at shorter 
wavelengths (around 600 nm) can be associated to the F-P resonance caused by the 
interference of the light inside the SiO2 layer as explained elsewhere. [18] The second peak 
at longer wavelengths (around 800 nm) corresponds to the plasmonic resonance of the 
coupled PNA. The second resonance is of interest in this work as it has a good spectral 
overlap with the measured PL of the ML- MoSe2 (Figure 6-5 (d)). 
To investigate the effect of the PNA on the PL enhancement of the MoSe2 film, we 
conduct spatially resolved PL measurements over the entire region shown in Figure 6-5(a). 
To highlight the role of the LP modes on modifying the PL of the ML-MoSe2, we 
performed separate measurements with two excitation wavelengths of 488 nm (off-
resonance, Figure 6-5(a, c)) and 785 nm (on-resonance, Figure 6-6(b, d)). The laser power 
was set to 1mWat both excitation wavelengths and the spot size of the laser was ~1.2 μm. 
As seen in Figure 6-6(a, b), the PL intensity is enhanced where the ML-MoSe2 is integrated 
with the PNA (region A). A key observation from Figure 6-6(a, b) is that the PL 
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enhancement (defined as the ratio of the PL collected from region A to that of region C) is 
larger when the sample is pumped at a wavelength closer to the PNA resonance (i.e., 785 
nm). To quantitatively investigate this observation, in Figure 6-6(c, d), the emission spectra 
of the ML-MoSe2 with and without the PNA and the resulting PL enhancement spectra are 
compared. To exclude the spatial variation of the PL intensity in calculation of the 
enhancement factor, we averaged the spectra over each individual region. For the near-
resonance excitation (Figure 6-6 (d)), a notch filter centered at 785 nm was used to block 
the reflection at the pump wavelength at the output; thus, the measured PL shown in Figure 
6-6(d) will be discussed at wavelengths longer than ~800 nm. These results reveal a 
maximum of 25-fold PL enhancement for near-resonance excitation (Figure 6-6 (d)) as 
compared to a maximum of 5-fold PL enhancement for the off-resonance excitation (Figure 
6-6 (c)). 
 
Figure 6-6: Photoluminescence enhancement in Hybrid Plasmonic-MoSe2 structures. 
PL maps measured at two different excitation wavelengths of (a) 488 nm and (b) 785 nm. 
Maps are represented at the wavelength of 810 nm (i.e., maximum PL intensity of the 
MoSe2). The location of the monolayer MoSe2 is outlined by white dotted lines, and the 
PNA covers the left side of the black dashed line. The PL spectra of the MoSe2 with and 
without PNA are compared for excitation wavelengths of (c) 488 nm and (d) 785 nm. The 
PL enhancement factors are calculated and shown on the right vertical axes in (c) and (d). 
The PL enhancement spectrum for excitation at 785 nm is shown only above 800 nm 
wavelength, where notch filter on pump does not distort the collected spectrum. 
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Another interesting observation from Figure 6-6(c, d) is the shift in the location of the 
PL peak emission wavelength of the ML-MoSe2, when integrated with the PNA. To explain 
this observation, we numerically estimated the excitation intensity enhancement by the 
PNA through three-dimensional (3D) full-wave simulation using Lumerical FDTD 
solution. In this analysis, the dispersive complex refractive index of the 0.7 nm-thick 
MoSe2 film was modeled by a seventh-order polynomial that was fitted to the 
experimentally measured wavelength-dependent complex refractive index of the ML-
MoSe2 [16]. In this simulation, a single unit cell of the structure (composed of two similar 
horizontally and vertically oriented Au nanorods) is modeled using the periodic boundary 
condition on its four sides and perfectly matched layer (PML) boundary condition on the 
top and bottom of the structure. The structure is excited by a plane wave propagating in the 
direction normal to the PNA plane. The amount of the resulted PNA-enhanced electric field 
is then probed at the middle of the MoSe2 film and is averaged over one unit-cell of the 
PNA structure. In Figure 6-7(a, b), the electric field profiles of the hybrid nanostructure are 
drawn in the x-y plane at the two wavelengths of λex = 785 nm and λem = 822 nm, 
respectively. In Figure 6-7(c, d), we have shown the electric field profile in the x-z plane 
at the same wavelengths. Using these field profiles, we calculated the excitation 
enhancement by averaging the intensities of the excitation field (|Eexc|
2) over one PNA unit 
cell. The average value of the excitation field enhancement at λex = 785 nm is 3.7 (compared 
to 0.67 at λex = 488 nm), which results in ~5.5 times more enhancement for λex = 785 nm 
comparing to λex = 488 nm. This is in good agreement with the measured ratio of the 
enhancement factors shown in Figure 6-6(c, d) (i.e., 25/5 = 5). It should be noted that a 
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larger portion of the total PL enhancement comes from the enhancement of the emitted 
light caused by the Purcell effect [17], which requires separate calculations. 
 
Figure 6-7: Lumerical simulation of hybrid plasmonic-MoSe2 structure. Enhancement 
(damping) of the pump and PL emission enhancement incurred by the strongly coupled 
nanoantenna array. (a, b) The x-y cross-section of the normalized field enhancement inside 
the MoSe2 layer, at excitation (λex = 785 nm) and emission (λem = 822 nm) wavelengths 
(the colormap is in log scale). The average value of the field enhancement (Γex = |Eex|
2) 
across the MoSe2 layer is 3.70. (c, d) The x-z cross-sections of the same enhancement 
factors at 785 and 822 nm wavelength, respectively. 
 
The same simulation approach is used to calculate the reflection of both passive PNA 
(without MoSe2) and active hybrid PNA-MoSe2 structures and the results are shown in 
Figure 6-8(a). Also, in Figure 6-8(b), corresponding experimental results are presented for 
comparison. The presence of two extinction peaks, one at 600 nm wavelength 
(corresponding to F-P resonance [18]) and one around 800 nm (corresponding to the LP 
mode of the PNA) seen in simulation results in Figure 6-8(a), agrees well with the 
experimental measurements in Figure 6-8(b). The differences between the theoretical and 
experimental extinctions of the passive PNA/SiO2 structure are due to the lower 
experimental quality factor (Q) of the LP mode of the PNA caused by the fabrication 
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imperfections. The results shown in Figure 6-8 imply that the addition of the PNA to the 
MoSe2 monolayer changes the spectral shape of the extinction. This suggests that by 
integrating a monolayer of a 2D material with a properly designed PNA, we might be able 
to shape the PL spectrum of the hybrid structure.  
 
Figure 6-8: Linear responses of the passive and active coupled PNAs. (a) Calculated 
extinction (i.e., change in the reflection) spectra of the substrate (290 nm-thick thermal 
SiO2 on Si, black dashed curve), passive (PNA without ML-MoSe2, red dotted curve), and 
active (PNA with ML-MoSe2, blue solid curve) structures. The resonance wavelengths of 
the passive and active arrays are at 766 and 822 nm, respectively, corresponding to a 
resonance shift of 56 nm in simulations. (b) Measured reflection extinction spectra of the 
monolayer MoSe2 on substrate (black dashed curve), passive PNA (red dotted curve), and 
active PNA/MoSe2 structures (black dashed curve). Both simulation and experimental data 
are for PNAs with the nanoantenna length of l = 105 nm, width of w = 30 nm, thickness of 
t = 30 nm, and the periodicity of a = 250 nm. 
 
We measured the polarization-dependent extinction of the structures in different 
regions of Figure 6-5(b), and the results are shown in Figure 6-9. Figure 6-9(a) simply 
compares the extinction of the three structures at 0° polarization (i.e., the electric field of 
the excitation light parallel to the horizontal nanorods in Figure 6-5(b)). Figure 6-9(b–d) 
shows the polarization-dependent extinction of the PNA/SiO2 (region B), MoSe2/SiO2 
(region C), and PNA/MoSe2/SiO2 (region A), respectively. While the original device is 
designed symmetric to have a polarization insensitive response, Figure 6-9(d) shows clear 
polarization sensitivity of the extinction of the structure since the fabrication imperfections 
 103 
have resulted in a difference in dimensions of the vertically and horizontally aligned Au 
nanorods. More importantly, comparison of the extinction spectra shown in Figure 6-9(d) 
with those shown in Figure 6-9(b, c) clearly suggests that the polarization dependence of 
the device extinction is primarily caused by the response of the PNA structure and not by 
the intrinsic polarization-dependent extinction of the ML-MoSe2. While the polarization 
sensitivity here is caused by fabrication imperfection, Figure 6-9 suggests that by proper 
design of the PNA, we can engineer the polarization dependence of the structure far beyond 
what the bare MoSe2 monolayer can offer. This is another indication that by integrating a 
monolayer of a 2D material with a carefully designed PNA, we can engineer emission 
properties to a large extent. 
 
Figure 6-9: Polarization dependence of the extinction coefficient in hybrid 
PNA/MoSe2 monolayer. (a) Extinction coefficients of the MoSe2/SiO2 (dashed line), 
PNA/SiO2 (dotted line), and PNA/MoSe2/SiO2 (solid line) parts (as depicted in Figure 
6-5(b)), all measured at 0° polarizations, where 0° angle is defined to be parallel to the 
horizontal nano-antennas. Polarization-resolved extinction coefficient of (b) the 
PNA/SiO2, (c) monolayer MoSe2 on SiO2, and (d) PNA/MoSe2/SiO2 structures when the 
polarization of the input light is changed from 0° to 60° in equal steps of 15°. Comparing 
extinction coefficients of the MoSe2 with and without PNA reveals that the main source of 
the polarization sensitivity originates from the PNA, which is caused by fabrication 
imperfections. 
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Details of the results presented in this chapter are presented in References [18-22]. Results 
shown in this chapter encourages further consideration of 2D materials in hybrid platforms.  
For example, there has been a recent surge of interest in finding novel materials to serve as 
charge (i.e., electron or holes) acceptors in hybrid plasmonic platforms (see for example 
Reference [23-39]). In such applications, the relative energy barrier between plasmonic 
metals and acceptor materials is a key parameter for efficient exchange of charged carriers. 
Thus, considering the variety of 2D TMDs with different band structures combined with 
the possibility of continuous tuning of the bands using alloying techniques, I believe hybrid 
plasmonic-2D TMDs can offer a unique platform for studying interesting physics and novel 
functionalities upon enhancement of light interaction with 2D TMDs. In addition, hybrid 
platforms may also enable dynamic tuning of optoelectronic properties for semiconducting 
2D TMDs, for example, via integration with electrically tunable materials such as phase-
change alloys. [40, 41] 
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APPENDIX A. MODELING LIGHT-INTERACTION WITH MOS2 
ON THE FP CAVITY 
 
Figure A1: Schematic of the optical path of light in a FP cavity. Absorption (excitation) 
and scattering parts are shown separately. The depth “x” in the MoS2 layer is highlighted 
with a dashed line. The trilayer MoS2 is shown with an exaggerated thickness for the sake 
of clarity.  
Figure A1 illustrates the schematic of the light interference within a FP resonator 
(having either SiO2 or air-gap as the cavity), which is used to calculate the enhancement of 
the E12g Raman resonance intensity of the trilayer MoS2-on-FP sample. Here we have 
assigned an index i = 0, 1, 2, and 3 to air, MoS2 film, SiO2 or air-gap, and silicon (Si), 
respectively. For the sake of calculations, corresponding refractive indices, which are 
complex quantities in the most general form, are designated as ni. Reflection and 
transmission coefficients of the electric field component of the light at i-j boundaries 
(assuming normal incidence) are defined as rij = (ni - nj) / (ni + nj) and tij = 2ni / (ni + nj). 
Also, βi = 2πnidi / λ and βx = 2πn1x / λ are the amount of the phase change that light beam 
with wavelength λ acquires over a path of length di (thickness of i-th medium), and length 
x in the trilayer MoS2 film (as shown in Figure S5), respectively. Following the ray-tracing 
method, we calculate the total amplitude of the electric field components of the excitation 
i = 0  (air)
i = 1 (MoS2)
i = 2 (SiO2 or air-gap)












(absorption) light (i.e., Eex or Eab) at wavelength λ and the corresponding E
1
2g Raman 
scattered light (Esc) at depth x of the MoS2 film as follows:  
𝐸𝑒𝑥 =  𝑡01.
𝑒−𝑖𝛽𝑥+𝑅𝑒−𝑖(2𝑖𝛽1−𝛽𝑥)
1+𝑅𝑟01𝑒−𝑖2𝛽𝑥
 ,           (A1) 
and     
𝐸𝑠𝑐 =  𝑡01.
𝑒−𝑖𝛽𝑥+𝑅𝑒−𝑖(2𝑖𝛽1−𝛽𝑥)
1+𝑅𝑟01𝑒−𝑖2𝛽𝑥
 ,           (A2) 





  is the effective reflection coefficient at the MoS2/SiO2 or 
MoS2/air-gap boundaries for a light of wavelength λ. Note that, although equations 
describing Eex (or Eab) and Esc are similar, they work at different wavelengths of λex (or λab) 







1  𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑤𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟  (A3) 
Thereby, the output intensity of the E12g Raman light is  




𝑑𝑥             (𝐴4) 
Therefore, based on Equation (S5), total enhancement factor (TEF) is defined as:  
TEF = 𝐼𝐸2𝑔1 (MoS2-on-FP) / 𝐼𝐸2𝑔1  (MoS2-on-Si)    (A5) 
Note that the wavelength-dependent refractive index of the trilayer MoS2 film, used in the 
modeling, over a wavelength range of 390-900 nm is shown in Figure A2. 
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Figure A2: Refractive index of MoS2. Real (left axis) and imaginary (right axis) parts of 
the refractive index of the MoS2 at different wavelengths used for the modeling of the light-
MoS2 interaction. 
Based on above discussions and the schematic of Figure A1, light absorption (Ab) and 
light scattering (S) by the trilayer MoS2 film can be computed as:   
Ab = ∫ |𝐸𝑎𝑏(𝑥)|
2𝑑1
0
𝑑𝑥 ,     (A6) 
and 
S = ∫ |𝐸𝑠𝑐(𝑥)|
2𝑑1
0
𝑑𝑥 ,      (A7) 
where Eab and Esc are the electric field amplitudes of the light inside the MoS2 film and the 
scattered light outside the film, respectively. Therefore, absorption enhancement factor 
(AEF) and scattering enhancement factor (SEF) are defined as: 
AEF = Ab (MoS2-on-FP) /Ab (MoS2-on-Si)     (A8) 









































APPENDIX B. THICKNESS-DEPENDENT ENHANCEMENT OF 
LIGHT INTERACTION WITH MOS2 
 
Figure B1: The MoS2 thickness-dependent TEF. The 2D map of TEF for (a) 1-layer, (b) 
2-layer, (c) 3-layer, and (d) 4-layer MoS2 films. The color-bars represent the expected TEF 
induced by the FP resonance. (e) The comparison of TEFs that can be achieved for samples 
with the MoS2 films of various thicknesses ranging from one to five layers when the 
samples are excited at 488 nm laser line (corresponding to the dashed lines overlaid on the 
2D maps of (a)-(d)). 



































































Two important observations can be made from Figure B1. First, increasing the number 
of the MoS2 layers decreases the potential enhancement that can be achieved upon 
integration of the MoS2 films on the FP resonators. This effect can be explained on the 
basis of the large imaginary part of the refractive index of MoS2 at 488 nm (~ 1.65), which 
causes optical loss and lowers the quality factor of the cavity. That is, in samples with 
thicker MoS2 films, light travels a longer path in the lossy part of the cavity and therefore 
gains lower enhancement. Second, for thicker MoS2 samples, maximum TEF is achievable 
at a shorter cavity length. This fact can be explained based on the effective optical length 
(EOL) of the cavity as defined below:  
𝐸𝑂𝐿 =  𝑛𝑆𝑖𝑂2𝑑𝑆𝑖𝑂2 +   𝑛𝑀𝑜𝑆2𝑑𝑀𝑜𝑆2,     (B1) 
where, ‘n’ and ‘d’ are, respectively, refractive index and thickness of the SiO2 and MoS2 
layers. As discussed in the main text, the maximum enhancement can be reached when the 
optical length is designed so that cavity acts as a quarter waveplate. Therefore, increasing 
the number of MoS2 layers (i.e., 𝑑𝑀𝑜𝑆2 in Eq. (B1)) decreases the required SiO2 thickness 
needed to satisfy the condition for maximum TEF. For instance, considering the refractive 
index of MoS2 at λ = 488 nm to be 5.8 (Figure A2) and the thickness of an individual layer 
to be 0.8 nm, the optical length in the MoS2 film increases from 4.6 nm in the 1-layer 
sample (i.e., 5.8×(1×0.8))  to 23.2 nm in the 5-layer sample (i.e., 5.8×(5×0.8)). Thus, based 
on Eq. (B1), this change is balanced by the decrease in the SiO2 thickness. Figure B1 (e) 
shows that the amount of decrease in the SiO2 thickness (at maximum TEF) equals the 
amount of increase in the optical length imposed by increasing the number of MoS2 layers. 
